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PREFACE TO VOLUME TII. 


In accordance with the scheme outlined in the preface to the 
second volume there are discussed in this volume those develop- 
ments in spectroscopy which are the more immediate results of 
the Bohr theory. Whilst such discussion necessarily involves the 
description of much experimental work, the principal advances in 
atomic theory, so far as they fall within the purview of spectral 
radiation, find a place here. In committing this volume to the 
press, I confess to a humbleness of mind born of the difficulty of 
adequately recording the remarkable progress of the last fourteen 
years. To speak in terms of analogy the subject is so large that 
.a principle of selection must of necessity be exercised, and in a 
real endeavour to present it in due proportion I trust that a rule 
of polarisation has not clouded my judgment and established a 
bias in favour of this or that vibratory response to the inspira- 
tional work of the great men who have builded so well in this 
field of atomic physics. 

In acknowledging my indebtedness to many sources, I would 
first mention Professor Arnold Sommerfeld, whose book has to me, 
in company with so many other students, been a fountain of 
philosophic ideas and scientific inspiration. To Professor Back 
I express my thanks for his kindness in placing at my disposal 
all the details of his experimental investigations of the Zeeman 
effect. To Professor Ornstein I express my deep sense of the 
honour he conferred upon me by writing an account of the 
Utrecht work on the measurement of lines of multiplets. 
Once again I thank the Editors and Proprietors of the Astro- 
physical Fournal for their permission, so kindly given, to repro- 
duce many illustrations from that journal. These are only four 
instances out of many. There remain numerous friends who 

y have given me, possibly unknown to themselves, help of great 
value. Lastly, I record my earnest thanks to Miss E. E. Kelly, 
, who in the preparation of this volume, as in that of the first two 
- volumes, has given me real and valuable help which it is a 
, pleasure to acknowledge. 


By CisG BAILY, 


THE UNIVERSITY, LIVERPOOL, 
April, 1927. 
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SERIES OF LINES IN SPECTRA. 


Rydberg’s Work.—Of the older work on this subject there is no 
need to make mention, because, although certain regularities had been 
noticed, the first important work to come under our consideration is 
that by Balmer, who was the first to show that the lines of a spectrum 
could be expressed by a formula. This important discovery was made 
with the hydrogen elementary spectrum. Balmer +t showed that the 
wave-lengths of the first nine lines of the hydrogen spectrum can be 
expressed by the equation 


2 
m - 
A = h_,— X 1078 cm., 
m 


where / is a constant and m is given the values 3, 4, 5, 6, ete., up to TT. 
The value of h was found to be 3645, and the calculated values of the 
wave-lengths of the lines agreed with the values actually measured 
within the limits of experimental error. As the number of hydrogen 
lines was extended into the ultra-violet from their discovery in the 
stars, and in the solar prominences and “ flash ’”’ spectrum, and as 
their wave-lengths were better determined, it was found that Balmer’s 
formula gave results which agreed in a most surprising way with those 
actually measured; proof was thus afforded that the wave-lengths 
are functions of successive whole numbers, that is to say, the lines of 
the hydrogen spectrum form a series, and the wave-lengths of any 
line can be expressed as a simple function of its number in the series. 
In order to show how accurately this formula expresses the measured 
wave-lengths, the measurements obtained by Evershed ? from photo- 
graphs of the solar eclipse of January 22, 1898, are given in Table I. 
The column headed “ calculated”? contains the values obtained from 
the formula of Balmer, in which h is put equal to 3646-13. The 
wave-lengths have been reduced to vacuum; the last column gives 
the differences between the observed and calculated values. 

It can be seen at once from Balmer’s formula that if m be put less 
than 3, indeterminate and negative values are obtained ; and further, 


2 
: m 
as m becomes larger the value of the coefficient _,——__ becomes nearer 
m 


1 Ann, der Phys., 25, 80 (1885). 
2 Phil, Trans., 197, A, 381 (1901), and 201, A, 457 (1903). 
V Ola wile I 
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TABLE I. 


HYDROGEN SPECTRUM. 


Designation. Observed. Calculated. Difference. 
a 656307 6563°03 + 0:04 
B 4861°57 4861°52 + 0:05 
Y 4340°53 4340°63 tO LO 
5 4102:00 4101‘90 + o16 
€ 3970°33 3970°22 aL 
G 388915 3889:20 — 0:05 
n 3835°51 3835°53 + 0-02 
(7) 3798-00 3798°04 — 0:04 
t 3770°73 3779°77 — 0°04 
K 3750°27 3750°30 OOS 
A 373453 3734°51 + 0°02 
be 3721'98 3722:08 — oo 
v 3712°33 2712°14 + 0°02 
g 3704°01 3704°00 + ool 
0 369728 3697°29 — ool 
T 3691°70 3691°70 + 0:00 
p 3686-96 3686-97 — oo! 
c 3082-94 3682-95 — ool 
T 3679°52 3679°49 “15003 
v 3676°51 3676°50 + O'ol 
d 367 3°87 3673°90 — 0:03 
% 367153 3671-48 + 0:05 
ip 3069°55 3669:60 =EXO)5} 
w 3667°383 3667°82 + ool 
Series No. 27 36006°25 36606:24 a ORO 
a 52S | 3664°74 366482 — 0:08 
ogy 29 3063°55 3663°54 + OO! 
ef op 3o 3662-36 3662-40 — 0°04 
iF oe Te | 3661-31 3661°35 — 0°04 
ie iy © Theoretical limit. 364613 — 


to unity, and therefore we may say that the end of the series (m = « ) 
lies at A= h = 364613. It will be seen that as we advance in the 
series towards the ultra-violet the lines become nearer and nearer 
and nearer together, until the theoretical limit is reached. The agree- 
ment between the observed and calculated values, as will be seen, is 
extraordinarily close. 

This observation made by Balmer has proved to be of fundamental 
importance. It led Rydberg on the one hand and Kayser and Runge 
on the other to a study of similar series of lines in other spectra. Then 
it was found as the result of Rydberg’s pioneer work that relations of 
a simple nature exist between the various spectral series of one and 
the same element. Next came Ritz who made a great generalisation 
from Rydberg’s advances in enunciating his combination principle 
which in its turn paved the way to the work of that great philosopher 
Bohr, who at one stroke revolutionised the whole subject by his out- 
standing conception of atomic structure. The year 1913 marked an 
epoch in spectroscopy, since all modern theory and practice in the 
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several fields of spectral series, in both line and band spectra, Zeeman 
effect and absorption spectra, may be said to have had their founda- 
tions laid at that time. The advances made in these fields, more 
particularly perhaps in the first two, have been of extraordinary 
interest and importance, and notably is this true of the last four 
years. The discovery in 1922 by Catalan of groups of lines in the 
spectra of manganese, more complex by far than any such that had 
previously been known, again marked a signal advance. It enabled 
Sommerfeld to remove the element of empiricism from his conception 
of inner quantum numbers and to weld the multiple field of spectral 
series with its new complexities into a well co-ordinated whole. To 
this unification Landé has contributed not a little and in his hands 
the Sommerfeld theory of the Zeeman effect has been extended until 
one is prepared to assert that so far as the simpler spectra are con- 
cerned the explanation is complete. 

The task of writing an account of this work on spectral series 
and the Zeeman effect presents some difficulties for more than one 
reason. In the first place, the two fields are to a certain extent inter- 
connected and this close relationship has become more and more 
pronounced until now the two march hand in hand. In spite of that 
the two have been kept separate with, I hope, sufficient cross references 
to serve as lines of communication. In the second place, two alter- 
natives at once present themselves in any attempt to write on spectral 
series. One may, on the one hand, make a beginning with the Bohr 
epoch of 1913 and preface the chapter with an account of his theory, 
using just as little of previous knowledge as is required to explain it. 
This would then be followed by Sommerfeld’s extension of the Bohr 
theory, again with the necessary illustrations from earlier experimental 
work. This would bring the reader right into modern work and the 
rest would be straightforward. 

On the other hand, one may treat the subject as a whole and write 
a story of forty years’ progress in this particular field, dealing with 
each advance, big or small, as far as possible in the order of its hap- 
pening. I have ventured to choose this alternative and offer some 
reasons for my choice, though these perhaps are of a personal nature. 
I believe myself that the first alternative would lead possibly to a 
wrong perspective as regards the relation of theory to experiment, 
for I maintain that in this field of spectroscopy theory has in the 
main waited on experiment, the most notable exception being the 
modern work on enhanced line spectra. Then again I would confess 
to finding a touch of romance in the story as a whole, and it is not 
good to start off such a story with mathematical formule, the elegance 
of which to my mind does not justify so early an intrusion on their 
part. Furthermore, let there be honour where honour is due, and 
the names of Rydberg, Kayser, Runge, Paschen, Fowler, Millikan, 
and many others are written large on the pages of this history of ours, 
and I would that their works be appreciated. Lastly, may I attempt 
to parry criticism of my choice by expressing a belief that there seems 
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as yet to have been no attempt made to tell the whole story, so perhaps 
the following may not come too much amiss. 

It is a long step from Balmer’s first publication in 1885 of his 
arrangement of the first nine lines of the hydrogen spectrum into a 
series expressed by a simple formula to our present-day knowledge of 
similar series, each term of which consists not of one single line but 
of many lines, some terms being composed of as many as fifteen 
lines all connected together by definite relationships. The founda- 
tion of our present knowledge is to be found in the work of Rydberg 
and also in that of Kayser and Runge, though the latter, as events 
have proved, contributed to this foundation in a somewhat different 
way. Both Rydberg on the one hand and Kayser and Runge on the 
other showed that the lines in the spectra of many other elements can 
be grouped in series which can be expressed by formule analogous to 
but not quite so simple as that of Balmer. Kayser and Runge dis- 
covered many such series and showed that they all could be expressed 
by formule of the same type, the constants of which varied from 
series to series and from element to element. Rydberg concerned him- 
self with the expression of series by one single formula with constants 
characteristic of each series type and the relations between the different 
series given by one element. The formula of Kayser and Runge has 
died a natural death, whilst that of Rydberg is still used as a valuable 
help in the preliminary work of assigning the lines to their appropriate 
series. The work of Kayser and Runge in raising the standard of 
spectroscopic measurement played a very important réle in these 
early days of our story. 

We will take up the story at the time when Rydberg began to 
publish the results of his calculations. 

Rydberg published a full description of how he obtained his 
formula, and the results of its application to known results, in the 
Transactions of the Royal Swedish Academy in 1890.1 Runge,? in 
1888, stated that he had discovered a number of harmonic series in 
the spectra of certain elements, and that these can be expressed by a 
formula of the type 


Balmer’s formula may be looked upon as a specially simple case of 
the above; for, instead of 


m* 
eee ha 
=—4 
eA, I m? — I 
we may put a UES where A = _, 
A m t 
I 


and 


es B % 
—— A+ mm where B = — 4A. 


Kk. Svenska Vetensk. Akad. Hand., Vol. XXII, No. 11 (1890). 
* Brit. Ass. Report (1888), 576. 
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Rydberg, however, claimed to have been using his formula before 
1885, when Balmer’s was first published. 

Rydberg has given a very complete description of how he arrived 
at his formula in the paper above referred to, and it is necessary to 
discuss this work very fully in order to understand the extremely 
interesting results he obtained in the connection between the various 
series of lines belonging to the same element as well as the actual 
expression of the lines in series. 

Two very important observations, one by Hartley and the other 
by Liveing and Dewar, must first be mentioned. It had long been 
known that in the spectra of certain elements other than hydrogen 
the lines could obviously be grouped in pairs or in triplets. The 
spectra of the alkali metals, sodium and potassium, were known to be 
characterised by pairs of lines or doublets, whilst the spectra of the 
alkaline earth metals, magnesium, zinc, and cadmium, were known 
to be characterised by the triplet grouping of the lines. 

In the first place, Hartley } found that if the lines in a spectrum 
are expressed in wave-numbers and not in wave-lengths, then the 
differences between the components of the doublet or triplet are the 
same for all the doublets or triplets in the same spectrum. Hartley 
only examined the triplets in the spectra of magnesium, zinc, and 
cadmium, and as an example three triplets of the zinc spectrum are 
set forth in Table II., the wave-numbers being given to four figures 
only :— 


TABLE II. 
Diff. Diff. 
I / 2079 gio 2989 582 3571 
Diff. 39 39 38 
2 2118 910 3028 581 3609 
Diff. 18 18 20 
3 2136 gio 3040 583 36029 


The numbers 1, 2, and 3 refer to the first, second, and third members 
of the triplets; it will be seen that the difference between the first 
and second member is about 39, and between the second and third 
it is about 18. 

The second discovery, by Liveing and Dewar,? was that of the 
existence of homologous series of lines, that is to say series of lines of 
the same type in chemically analogous elements, although they did 
not find the law of the series. They established also the existence 
of a series of lines which are sharp, and a similar series of diffuse lines. 

Rydberg calculated the wave-numbers of the observed lines in a 
great number of elementary spectra, and selected the doublets and 
triplets of constant wave-number difference. It should be pointed out 
that, as the accuracy of the measurements he dealt with were great 
compared with the accuracy of the determination of the index of 


1Chem. Soc, Trans., 43, 390 (1883). 
2 Phil. Trans., 174, 187 (1883). 
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refraction of air as known at that time, they were not reduced to 
vacuum. As regards the doublets and triplets, these may often be 
recognised by the eye, but often the components are very far removed 
from one another, there being a considerable number of lines in between 
them. The names of doublet and triplet might be thus considered 
as rather misnomers, were they not defined in the first place as pairs 
or trios of lines with a constant wave-number difference. In speaking 
of these differences in wave-number, for simplicity’s sake we will use 
Rydberg’s notation for the present, and speak of the wave-number 
difference of a doublet as v, and that between the first two and second 
two members of a triplet as vy, and vz. Further, the component of a 
doublet or triplet with the smallest wave-number is called 7, and the 
next in order of magnitude m, and the third member (of a triplet) 
nz; we therefore have 


v = MN, — n, with a doublet, 

ane ¥%1 = % — %\ with a triplet. 
and V2 = Nz — NoJ 

As was said before, Rydberg calculated the wave-numbers of the 
known lines of a number of elements, and selected the doublets and 
triplets of constant wave-number difference therefrom. Then, assum- 
ing that analogous lines of a spectrum are functions of a series of 
consecutive whole numbers, or, in other words, that the analogous 
lines form a simple series, he attempted to find the graphical relation 
between the lines. He placed the wave-lengths upon the ordinates 
and the numbers of the lines in the series on the abscissa, calling 
the least refrangible of the analogous lines number 1. In this way 
he obtained for the doublet and triplet series two or three curves, 
which became parallel to one another when wave-numbers were used 
instead of wave-lengths. 

If now we consider the case of sodium and take the least refrangible 
lines of the doublets, we then have, on Angstriém’s scale, 


m A m A m oN 

1 8199 Saab S 5:0 9 4543°6 
2 6160 6 4983°0 IO 449674 
3 5895 7 47514 Il 4423°0 
4 5687 8 4667-2 12  4393°0 


where m is the order or number of the rays. On plotting these numbers 

Rydberg found that they did not form a regular curve, but that the 

points lay first on the one side and then on the other side of a mean 

curve; this anomaly disappeared entirely when the line at AX = 5895 

was suppressed, and the remaining lines were taken alternately to 

form two series, thus :— 
m I 2 3 4 5 6 
A, 8199, 5687 49830 4667°2 4496-4 43.03 
A, 6160 5155 = 47514 = -4543°6 = 44230 
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Now, as each of these lines is the component of a doublet, we have 
evidently two series of pairs, or four series of lines. It is most impor- 
tant to remember that Liveing and Dewar observed all these lines, 
and found that those in the upper line are all diffuse, and that those 
in the lower line are sharp, so that one could distinguish between the 
two series independently of the curves just described. 

It was found on comparing the curves together that they all had 
the same general shape, and therefore Rydberg concluded that they 
could all be expressed by a common formula. As the curves appeared 
to approximate to rectangular hyperbolas, Rydberg first took the 
formula 

(A — Ao)(m + p») = constant, in wave-lengths, 
or (2 — no)(m + py) = G, in wave-numbers, 


where Ao, w and 7%», 4, are constants. 
Rydberg then calculated the wave-lengths from this formula, 


os C 
thie Moe 


and found that very fair approximations to the measured values were 
obtained. Rydberg satisfied himself in this way that the wave-lengths 
and wave-numbers of a series of analogous lines in the spectrum of an 
element are functions of a series of consecutive whole numbers. 

Rydberg next considered the differences between the wave- 
numbers of the successive members of the series, and he found that 
these differences (4n) become smaller as one goes higher into the 
series ; this, of course, naturally follows from the fact that the lines of 
a series get closer together as one advances in the series. The values 
of An were calculated for all the series which could be recognised, and 
Rydberg obtained in this way series of decreasing values of 4n, one 
series for each naturally occurring series of spectral lines. Each of 
these series of values of Mn seemed to be perfectly comparable, so 
that when these values were arranged according to the magnitude 
of any term, all the other terms followed one another in the same 
order of magnitude. This can be best explained by means of Table 
III., which was given by Rydberg of the values of Mn obtained 
by him. 

In the first column are given the symbols of the elements and the 
designation of the series, which will be explained later. The second 
column contains the differences between the wave-numbers of the 
first and second terms of the series given, the third column contains the 
wave-number differences between the second and third members, 
and so on. In Table III. the series are so arranged that the wave- 
number differences in the second column form a descending scale in 
order of magnitude; this was done because all the terms of the second 
column were not known. — It will be seen that with very few exceptions 
all the terms in the other columns are arranged in descending order 
of magnitude, and further, that the first term of each column is smaller 
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than the last term of the preceding column. Rydberg also expressed 
these results as follows: The differences between the corresponding 
terms of any two series of values of An have the same sign. 

TABLE III. 


VALUES OF Az. 


a “” + ey oS i oO a 

g ll ll -! 3! a. ae ae a 
[=] gq 

2 58 aS eS aS GES oO co) os 
wn oO o o o o o o Qa 
a: pase} ue) ae) Sv bas) SU Eee} BS 
4 be | Sf (be See | be | os 1 gees 
g OH Qa ao m+ Own Qo fon (D 0o 
8 ll Il ll Il ll ll ll ll 
6 s eh ie = g = FS s s 


Li (Py) | 16026°8 | 5542-4 | 2556°6 | 1364-4 | 824°6 
Na (Dj) — | 5386-7 | 2484°9 | 1357-9 | 813°9 | 523°5 
Ca (D,) — | 4996-7 | 2323°9 | 1246-3 | 723-4 = 
Na(P,) | 13314°9 | 4751-4 | 2280°2 | 1233°5 - — — 
T1 (Sq) 12278°3 | 43951 | 2089-6 | 1213-0 | 732-4 465°6. | 350°1 | 250°2 

) 11685°9 | 4303°8 | 2050°3 | 1158-0 | 723-0 ASUS as 2275 e24 Gas 


un 
os 
a 
a) 
ww 
| a 
2 
wn 
) 
eat 
ee 
Ke) 


Mg (S,) | 10679°5 | 4017-2 | 195775 | 1116-5 | 685-6 = | 

Ca (S,) 8943°7 | 3507°8 | 175973 | 1015-0 | 620-6 — = eee 
) 74848 | 3165:6 | 1647-0 962°6 | 600°! 4076 | — | — 

K (D,) —- 2842°7 | 1507°5 881-2 | 550°5 385°8 | 256-9 — 

Mg (D,) | 6241-8 | 2775°3 | 1476-7 | 868-4 | 561-4 | 


Zn (D, 5812°3 | 2636°4 | 1416°8 862-7 — 


The next step taken by Rydberg was to plot the values of Mn as 
given in Table III. against the series of whole numbers (m) 1, 2, 3, 
etc. ; the curves obtained in this way all had the same shape, so that 
it seemed probable that they could be made to coincide with one 
another throughout their length by simply shifting them parallel to 
the axis of m. This we can express by saying that if 4m is a function 
of m for one curve, then the general equation to all the curves is 


An = F(m + py), 


where p is a constant. From this Rydberg derived the equation for 
a spectral series, 


n= ty — fim + p), 


where n is the wave-number, 1, is a constant, and f(m-+ p) some 
function of (m + m), which has the same form and the same constants 
for every member in every series.} 


1 PROOF— 
am = m+, — An 
Mm = Nin — F(m i) 
Am +, = Mn+». — F(m + 1 + pg) 
Am +2 = m+ 3 — Fim + 2 + mw) 


Now, we know that 7 approaches a limit 7) when m = 00, and the form of the 
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If we put f(m + p) = wa we have the equation 


C 
t= Nhs — ———. 
m+ bh 
We have already seen that a very similar equation, 
C 
A=d2 oes 
0 aie m ao im 


expresses a series with a very rough approximation. Considering 
the shape of the curves already described, obtained by plotting A 
against m, the next simplest equation is 


ebb 
(mF a 


n= Ny — 
where N is another constant. 

This equation Rydberg found to answer extraordinarily well, and 
is the equation he finally adopted ; in it N is a constant for all series 
and all substances, my is the value of m when m = oo, that is to say, 
it is the theoretical limit of the series, and is sometimes known as the 
convergence limit, and pw is a characteristic constant of the element 
and the series. 

Now, Balmer’s hydrogen equation may be considered as a special 
case of this formula, for if instead of his equation for the wave-length 


2 
m? 
A= h.— 
m* — 4 
2 
m*? — 4 
we put (5) : 
P om ? 
10? 108 
when n=—— and 2,——4 
A h 
n 
then we have MAS ss : 
m* 


series of Az and the shape of the corresponding curves leads us to suppose that the 
limit of Av or F(a + u) = 0 when m = w ; we have, therefore, 
[oo] 
Nm = Ny — & F(m + p). 
m 
For another series we have 
2) 
Uh ine = Tae _ > F(m -f- w). 
m 
Now, the two sums which enter into these equations have the same number of 
terms, and we know that any term in one of the sums only differs from the corre- 
sponding term in the other by the value of the constant « ; then one of the sums is 
changed into the other if « is changed to 4’, whence it follows that there are only 
two different values of the same function of pu. 


in) 
Next, putting Fim + w) =/(m + pw); 
m 


we have the general equation 
n =n) —f(m + pu). 
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which equation is evidently the same as Rydberg’s general equation, 
if N in the latter = 4”) and p = O. 
In making use of the formula _ 
n Nog (m =e yw)?’ 

it must be remembered that Rydberg did not claim that it reproduces 
the measurements of the wave-numbers of lines with absolute accuracy 
—he recognised that it is only a very near approximation to the true 
relations. In comparing the observed wave-numbers and those cal- 
culated by means of this formula, and by means of the formula of 
Kayser and Runge, no one could deny that the agreement was often 
better in the second case. Kayser and Runge’s formula expresses 
a series of lines sometimes with extraordinary accuracy, but there its 
use ceases, whereas Rydberg by means of his formula was able to 
trace the connection between the different series, and even to calcu- 
late the wave-lengths of the lines of one series from the equation to 
another series. 

The method used by Rydberg in calculating the constants of his 
formula may now be described. He determined the value of the 
universal constant N once and for all from the Balmer formula for 
hydrogen which may be written in the form 

peepee - as 
m 


In calculating the value of h, Rydberg used the old values of the 
wave-lengths of the hydrogen lines as follows :— 


h = 6562°10 X & == 3645-011 form — 3 
h = 4860:74 X 2 = 3645-555 form —=4 
h = 4340-710 X 32 == 3645-684 for m= 5 


| 


h = 4101-20 x 2 3645:510 for m = 6 
Mean = 3645°590 
From this 
Be os 
3645590 


From later measurements of the wave-lengths of the hydrogen 
lines, Rydberg found the value of this constant to be 109675-00 which 
he used in all his later work. The constants m)and pw are characteristic 
of each element and each series and therefore must be found for 
each. In the early days of Rydberg’s work this was very much more 
laborious than it is at the present time owing to the fact that the 
measurements of spectrum lines were relatively inaccurate. The 
method Rydberg used may be indicated by the sharp series of mag- 
nesium which consists of triplets with constant wave-number differ- 
ence. In the first place, as many of the triplets as possible were picked 
out from the whole spectrum and the values of the wave-number 
differences v; and v, found. The mean values of »,, vy and V1 + 


= 109721-6, 
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were obtained from these, and with the help of these mean values the 
wave-numbers of all the second and third members of the triplets 
were reduced to the scale of the first members. In this way three 
values for the first member of each term are found, and the mean of 
these three in each case gives a far closer approximation to the true 
wave-number of the first member of each term than the measured 
value. The measured values are given in Table IV. 


TABI Ve 
SHARP SERIES OF MAGNESIUM. 

wh 2 3 4 5 6 7 
Se - 192938 —-29073°3. 33990 359480 = 370645 37750°1 
4I°l 40°5 40°5 40°0 42°3 42°8 
Se: - 19334°9 300138 — 340310 35988-0 §=— 37105*8 = 37792°9 

19°8 24°4 11°6 23°4 20°6 — 

Shr ae ae LOSh AST 30038+2 34042°6 3601 1°4 37126°4 — 


From these the mean values of 1, ve and vy, + rv, are found to be 
41:4, 20:6, and 62:0 respectively, and thus all the observations may 
be reduced to the scale of S,; as shown in Table V. 


TABLE V. 


S, obs. . 192938 -29973°3. 339905359480 370645 37750" 
S,cale. . 192935 -29972'4 = 33980°6 359406 = 3.70644 37751°5 
S, calc. =. — 19292*7_ 299762 (33990°) = -35949°4 — 37064-4 — 


Means = 19293°3, 2997470 33990°_— 35948'0 370644 = 3:7750°8 


The last row of means in Table V. is adopted as the best value of the 
wave-numbers of the first members of the triplets. It may be noted 
that since vy, vg are the differences between the first and second and 
the second and third members of the triplets, the equations for the 
three members are the same, except that the value of 7, differs in 
each case by the amounts vy, and 7p. 

For the determination of the value of mw it will be obvious that 
since m in Rydberg’s formula has successive integral values, ~ must 
lie between 0 and 1. The simplest way to find » is by means of an 
interpolation table and Rydberg gave such a table containing all the 
values of 109721-6/(m +- p)® for all the values of m from I to 9, and 
all the values of » from 0-00 to 1-00 differing by 0-01. The table 
also included the values of An, or differences between every two 
successive values of 109721-6/(m +- »)? formed by increasing m to 
m+ I. 

In using this table for the finding of yw, first of all the values of 
An for the series are found, and as an example the series of thallium 
may be quoted as given by Rydberg, and the data are set forth in 


Table VI. 


1This table is reproduced on p. 300, the values being recalculated with the 
most recent value of N, namely, 109678°3. 
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TABLE VI. 
a n An m 
3517°8 28426°9 Baere 2 
2917'8 34272'4 Pos 3 
2708'8 30916°7 1418-0 4 
2608-6 38334°7 $50°3 5 
2552°0 391850 544°8 6 
2517°0 39729°8 7 
; , N 
From Table VI. we find that the difference in the value of inte 
1. When m = 2 and m = 3 is 5886-2 for » = 0°89 and 5832-8 for ~ = 0:90 
2. When m=3 ,, m=4 ,, 266273 ,, “= 0:89 ,,. 2644°0 ,, #=0°90 
3. When m=4 ,, m=5 5, 14259 , #= 0°89 4, 1417°3 ,, # = 0-90 
4. When m=5 , m=6,, 8514 , p=089 ,, 847°4 ,, = 0°90 
5. When m=6 ,, m=7,, 5488 ,, w=O89 4 5443 1» w=OO!I 


Evidently the value of pw is given by I. as 0-89 + a X -Ol, 
by 2. as 0-89 + “ny X 0-01, by 3. as 0-89 +2 X 0-01, by 4. as 
Il 4 
0-89 X — X 0-01, and by 5. as 0-89 + —. x 0:02, 
9 4-0 Vous As 


Now, in finding the mean of all the fractions thus given Rydberg 
weights the values according to the square of the wave-length of the 
lines; these fractions are, respectively, multiplied by 100, 73, 68, 
65, 63, which are the relative weights to be given, then all the numera- 
tors are added together and divided by the sum of all the denominators. 
In this way the mean comes out to 0-0082, and thus the value of pw 
is found to be 0-8982. 

We have, finally, to find the constant ”9, which may be done as 
follows :— 

Writing the equation 

N 
(m ++ pe)” 
the value of m9 can at once be found for all the analogous lines of the 
series, and their mean is adopted as 7». To take an example, the 


above given values may be used of thallium, for which we have found 
that 


Ny = -|- 


109721:6 
(m + 0:8982)? 

The values of the last term are calculated for m = 2, 3, 4, ele. 
since these are the numbers of the lines in the series as given above ; 
to the values thus obtained the «corresponding wave-number 2 is 
added, and thus as many determinations of ny are obtained as there 
are lines in the series. These values are weighed as before described 


according to A®, and the mean is then adopted as the constant ; in this 
case its value was found to be 41490:2. 


Ny =n 
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The complete equation is, therefore, 
—_109721-6 
(m -+- 0-8982)” 


Relation between the Series belonging to One Element.— 
Reference has already been made to the existence in the case of ele- 
ments other than hydrogen of two series, the sharp and nebulous 
series, which consist of doublets or triplets of constant wave-number 
difference. It may therefore be stated that each element possesses 
two or three sharp series parallel to one another, and the same number 
of diffuse series also parallel to one another, and the wave-number 
differences of corresponding rays are constant for each element. If, 
then, 74, %,, and m3 represent the values of the constant mg for each of 
the sharp or nebulous series, we have 


nN = 41490-2 


N 
ee raga 
Ra en ae 

2 (m+ p)® 
et ee ee 
5 (m+ p) 


and n,— mn, =v in the doublet series, and in the triplet series 
Ng — Ny =v, and nz — Ny= vy. There are thus four or six series 
with each element, and Rydberg calls them the first, second, or third 
sharp or nebulous series as the case may be. The three sharp series 
form the sharp group, and similarly we have the nebulous group. 

Now Rydberg found that the value of the constant my is the 
same for the corresponding sharp and nebulous series. In other 
words, the convergence limits of the corresponding series are the same 
in the sharp and nebulous groups. If, therefore, we write 6 for jw in 
the equation for the diffuse series, and o for » in the sharp series, we 
have the equations— 


SHARP GROUP. 


NEBULOUS GROUP. 


n=, — pas n= — ne First series. 
(m + o)? (m + 8)? 
Wie pe: N n = No —— N > second series. 
2 (m+)? 2 (m + 8)? 
- TBs W= he oN -, Third series 
1 = "3 ~ (m + 0)? DiC aoe 


These equations show fully the connection between the six series. In 
the case of the alkali metals the sharp and nebulous series consist of 
doublets and it had been found that in these spectra there existed 
another series of doublets. These series were called by Rydberg 
the principal series, because they contained the most intense lines in 
the spectra of these elements. At that time the principal series 
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had only been recognised in the alkali metal spectra, though Rydberg 
later found them in the spectra of other elements. 

These principal series differ materially from the sharp and nebulous 
series in that they consist of pairs which have not a constant wave- 
number difference, for the components of each pair get closer together 
as the order number rises. Evidently, therefore, the two series should 
have the same convergence limit, for, since as m gets larger the pairs 
come closer together, therefore at the limit when m = o they should 
be an infinitely small distance apart. This is experimentally borne 
out by the values of 7, actually obtained. The more refrangible line 
of the pairs is always the stronger line, so that Rydberg calls the series 
of less refrangible lines the weak, and the other the strong, principal 
series. The equations are as follows :— 


N 
PhO og gy? 

N 
oe. pean 


The connection between the principal series and the sharp series 
is exceedingly interesting and important. Rydberg found that in 
the case of sodium, potassium, and rubidium the wave-number 
difference between the members of the first pair of the principal 
series was almost exactly equal to the constant wave-number dif- 
ference of the pairs of the sharp and mebulous series. We may 
therefore put 


see {x St eae 
eeeee (m + py)? - (m + at 
ie N 
(mM + poy)? (m + py)” 


Rydberg, however, found a very close relation between the sharp 
and principal series, namely, that they are both parts of the same 
series with two variables. He arrived at it in this way: In the case 
of lithium the pairs which exist in the spectrum are very close together 
and very difficult to resolve,t so that we need only consider three 
series—the principal, sharp, and nebulous series—each term of which 
is in reality a close pair. Now, Rydberg found for the sharp series 
of lithium 


whence a 


n = 28601 — ——=*— 


and for the principal series 
= 43de7i7 ee 
n 43487 7 (m one 0:9596),’ 


‘Kent has succeeded in resolving five of the lithium lines by means of an 
echelon grating. Astrophys. Journ., 40, 337 (1914). 
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where m = 2, 3, 4, etc., for the sharp series, and 1, 2, 3, etc., for the 
principal series. The value m = 1 in the first equation gives a negative 


ee then equals 4312 

joe Se ua his 
(m + 0-5951)? eine | 
Now this number is not far from the constant 43487-7 of the principal 
series equation; again, putting m= 1 in the second equation, then 


value of n because the expression 


109721°6 
(m + 0:9596)? 
a number very close to the constant 28601 of the sharp series equation. 


Within a close approximation, then, we may write for the principal 
series 


= 28573°1, 


fs ae I I 


N (1 +.0:5951)? (m+ 0-9596)” 


and for the sharp series 


n 1 I 
N (1+ 4p)? (m+ 0)? 
d n I I 
oe N- (1-02 (m+n) 

Putting m= 1 in both equations we obtain the same numerical 
values of n, but the value obtained from the sharp series equation 
is negative. The first term of the sharp series is the same as the 
first term of the principal series; in this case the red ray of lithium 
A= 6708. Referring again to the equation for the principal series 
of lithium given above, and putting m = I, 


for the sharp series, 


, for the principal series. 


109721°6 
n = 43487-7 —— ra 
48877 ~ ¥ 0:0506)2 
but ee has already been shown to be equal to 28573:1, 


(1 + 0-9596)? 
which is the constant 79 of the sharp series. In other words, the dif- 
ference between the convergence limits of the principal and sharp 
series is equal to the wave-number of the first line of the principal 
series, This relation was later discovered independently by Schuster, 
and is generally known as the Rydberg-Schuster law. 

These relations are very important for several reasons. In the 
first place, it is possible to calculate the whole of the principal series 
from the sharp series as follows :— 

The sharp series equation is 


* N 
mcd rast oo aw 
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Putting m = 1 we get the negative value of n, which is the first line 
of the principal series ; further, the value of oe is the convergence 
limit of the principal series. From these two terms the rest of the 
calculation is easy. 

One point more about this connection between the two series ; 
in the alkali metal series each of the terms is a pair, so we therefore 
have two equations for the principal, and two for the sharp series :— 


I I 
Os 
5 (1 y Gye (HH = Hy)” Principal series. 
(2) N (t+o? (m+ p.) 
n I : 
(1) Nos 


: eek oe 
N 4 pal (on Fa)" Sharp series. 


ONT O+a Gro} 


It is a natural consequence of what has gone before that the two 
series correspond in such a way that the more refrangible line in the 
case of the first is analogous to the less refrangible line of the second, 
and vice versa. This can readily be seen from the equations; let 
us put py > py, then evidently equation (1) of the sharp series refers 
to the component lines of the pairs which have the smaller wave- 
number, 7.e. the less refrangible line of the pairs, whilst equation (2) 
refers to the more refrangible line. Putting m= 1, then clearly 
equation (1) of the principal series (which is analogous to equation 
(1) of the sharp series) will refer to the lines with larger wave-number, 
and equation (2) of the principal series refers to the less refrangible 
lines. The’conditions in the principal series are reversed, so to speak, 
from what they were in the sharp series. This is shown very clearly 
by the relative brightness of the component lines in the pairs of the 
two series; for example, in the principal series of the alkali metals 
the more refrangible component of the pairs is the brighter in each 
case; in the sharp series it is the less refrangible line which is the 
brighter. It is more strikingly, perhaps, shown by means of the 
Zeeman effect. In Chapter IL, p. 312, it will be shown how the principal 
series shows two types of resolution, one for the more refrangible line 
of each pair, and one for the less refrangible line; the same types 
exactly are shown by the sharp series, but in the reverse order, that is 
to say, the type of Dy, as it is called, is shown by the more refrangible 
line of the pair, and the type of D, by the less refrangible line. 

Rydberg also dealt with another series, one which is attendant 
on the nebulous series. He was only able to recognise it in the case 
of thallium, but quite rightly presumed its existence with other 
elements ; it occurs as a series of satellites accompanying the nebulous 
series. In this series the wave-number difference between these lines 
and the corresponding line of the nebulous series itself decreases with 


SBRIES OF CINES IN SPECTRA 17 


increase of m. The secondary series have, therefore, the same con- 
vergence limit as the nebulous series proper. 


We may now give in Table VII. the complete scheme for the whole 
spectrum of an element showing triplets. In this table wy > pe > pg. 


TABLE VII 
NEBULOUS GROUP. 


i I 


Ist nebulous series ive inva e ae a DY 
N-(+m) @+eyp 2 
2nd - 2 sft ON - : iby 
No (r pe)? epee 
n I I 
rd ” ”) Os ea ae: ae SER aa. D’ 
4 NT (1+ )* (oy 
SeconpDARY Group (NEBULOUS). 
: n I I 
a ih eS Re ee : jis! 
Ist secondary series N-Gde) (+o? DD", 
n I I 
2nd = = TED) De 
> » NT ee) (ney 
n I I 
d - ER Ses Se Gy 
3r ” ” N (i dE pe (m -}. 8")? . oy 
SHARP GROUP. 
: n I I 
Ist sharp series Ms enim ee SF 
n I I 
Ne ed 
gd HY N (1+ p»)? (m+)? 3 
i eee A a 
3r¢ ” ” N =e (1 =s bs)? (m = a)? 3 
PRINCIPAL GROUP. 
Poviwtisal dec n I I p 
‘ al serie a a AS 
Ist principal series No (rate? Gt i)? 1 
n I I 
— == ——————_~$ — 3 P. 
and 4) y N (1 +o)? (m+ pe)* : 
I I 
3rd ” ” . a ee ‘ os P3 


N~ (FoR ta) 


There are thus twelve equations, which contain only six constants, if 

we do not include N, which is the same for every series and substance. 
In speaking of any line Rydberg uses the symbols given above 
VOL. Ill. 2 
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for the series, and puts the number of the line in its series. Thus 
Cd [D] means all the lines of the nebulous group of cadmium, including 
the primary Cd [D’] and the secondary Cd [D”]. Again, Na [P, . 1] 
means the first line of the first principal series of sodium, which is the 
D, line, because the first principal series contains the lines of the 
pairs which have the greater wave-number; this is due to the fact 
that Rydberg views the principal series as really part of the sharp 
series. Similarly, Rb [S,2] is the second line of the second sharp 
series of rubidium; it will be remembered that the first line is the 
first line of the second principal series. 

Rydberg at a later date applied his theory of the relation between 
the three series systems of an element to the interpretation of the 
origin of certain lines found in the spectra of stars and nebule. He 
showed that these lines could be attributed to hydrogen, and the 
result of this reasoning led to great confidence being placed in Ryd- 
bere’s theory. 

As already explained the well-known elementary spectrum of 
hydrogen is very accurately expressed by Balmer’s formula which 
can be written in the same form as Rydberg’s formula, thus :— 
109675-00 
n = 27418-75 (m + 12 
where Ue Pm, Bo Blew AiO 


Now, in 1896, Pickering! discovered in the spectrum of the star 
¢ Puppis, which shows the hydrogen spectrum strongly, a new series 
of lines which is very analogous to the known hydrogen spectrum. 
Indeed, Pickering showed that their wave-lengths could be expressed 
by the modified Balmer’s formula 


m2 
= 4050- aoe 1032. 


In a further publication Pickering 2 united both the series to one 


Dias 
formula as follows: he put m = 5 in the usual Balmer formula, and 


thus obtained 
re 
2 


where n = 6, 8, 10, 12, etc. He then found that the new series was 
obtained by putting m = 11, 13, 15, 17, ete. 

Now, Kayser * at once pointed out that there are serious reasons 
against uniting these two series into one; among these may be asked 
—if they all belong to one series, why do we always in terrestrial 
spectra see only the half of the series ? 

Rydberg * brought more conclusive evidence forward in favour 


1 Astrophys. Journ., 4, 369 (1896) 2 Thid., 5, 9: 
‘ Ze : ve ga he isha) 92 (189 ). 
* Lbid., 5, 243 (1897). 4 Tbid., é 233 (1897). 
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of Kayser’s views. He first of all showed that the two series have 
the same convergence limit, and then found that the equation for 
the second series was as follows :— 

10976500 

(m ++ 0°500737)” 

whence he obtained the values at 16° and 760 mm. in air, shown in 


Table VIII. 


M = 27418-75 


TABLE VIII. 


m 5 6 7 8 9 10 
d obs. - 4201°6 4026°5 3924'9 3858°6 3817-2 3783°4 
Acale. . 4201°54 4027°31 3925°18 3859°76 3815°17 3783°35 
Diff. . + 0°06 —o81 — 0:28 — 1°16 -+ 2°03 + 0°05 


The two series thus behave like the nebulous and sharp series of 
hydrogen, and in terms of the general Rydberg formule for the 
series system of an element giving single lines, the equations can be 
written in the form— 


Nebul hog, eee N ee am 
ebulous series, 2 = estas Cea, 12 3p, Stes 
N N 


Sharp series, 7 = ~— i ee ee 


(IF 1P~ (mF 05) 
From the Rydberg-Schuster law we may at once derive from these the 
equation for the principal series of hydrogen, which will be 

: N N 
Rass 

(1+ 0-5)? (m-+ 1)?, 
From this equation Rydberg calculated the wave-lengths of the lines 
in the principal series of hydrogen and these are given in Table IX. 


where m = I, 2, 3, etc. 


TABLE IX. 


m I 2 3 4 5 
n 21325°69 36558°33 41889°75 44357°44 45697°91 
A 4087-88 2734°55 2386°50 2253'°74 2187-60 


The values of n are for vacuum, but those of A have been reduced to 
air at 16° and 760 mm. in order to enable a comparison with observed 
values. Rydberg pointed out that this series of lines should be 
exhibited by hydrogen and might appear in stellar spectra. Owing, 
however, to the effect of atmospheric absorption only the first line 
of the series will be visible and this line, if seen, ought to be exception- 
ally brilliant, like the red line of lithium and the D lines of sodium. 
As a matter of fact there has been found in the spectra of several 
stars a strong line at A = 4688 which clearly is the first line of Rydberg’s 
series. Moreover, Hale and Keeler in a footnote to Rydberg’s paper 
point out that there occurs in the spectra of several nebule a line at 


a* 
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\ = 4687. Finally, there are given in Table X. more accurate measure- 
ments of the wave-lengths of the lines of the Pickering series together 
with the values calculated by Rydberg’s formula for the sharp series 
of hydrogen. 


TABLE X. 

Obse~ved. Calculated. 
A m aA 
54136 3 54128 
4542°4 4 4543°3 
4200°7 5 4201°5 
4026'0 6 4027°3 
3924°0 7 3925°2 
3860°8 8 3859°8 
3815°7 9 3815°2 
3783°4 10 3783°4 


Although, as the result of Bohr’s theory of spectra and Fowler’s 
experimental verification, we now know that both the Pickering 
series and the associated principal series have their origin in ionised 
helium and not in hydrogen, this does not detract from the value of 
Rydberg’s deduction, the essential importance of which lies in the 
discovery of the principal series. 

Indeed, I think it is only right to lay considerable stress on the 
remarkable nature of Rydberg’s work. It was pioneer work of out- 
standing merit, for it must not be forgotten that when his main work 
was done the accuracy of measurement of spectral lines was very 
much below the present-day standard. In spite of this he was able 
to formulate three very definite conclusions which have since been 
proved to have a sound theoretical basis. The first of these is that 
the wave-numbers of all the lines in any spectral series can be repre- 
sented by the difference between two terms. The second conclusion 
is that each of these terms contains a constant which is the same for 
all elements and all series. It is now believed, however, that this 
number, whilst being constant for all the series in the arc spectra 
of any one element, is not exactly the same for all elements. Lastly, 
we have the Rydberg-Schuster law which is now known to be an exact 
relation. As will be shown later his expression of the Balmer series 
of hydrogen lines by the equation 

N N 
a where m = 3, 4, 5, etc., 
is of fundamental importance. 


As our knowledge advances, and there are few fields in which 
the advance has been so rapid as that of spectral series, we are perhaps 
in danger of minimising the value of early pioneer work. It might 
be urged that the Rydberg general formula is not sufficiently accurate 
for modern use and that better results are obtained by the Ritz or 
Hicks formule which will be discussed below. Rydberg himself only 
considered his formula to be an approximation to the truth, but even 
now in the selection of the lines which are associated together in series 
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this formula is more convenient than any other in the preliminary 
part of the work (see p. 304). 

The Work of Kayser and Runge.—As was stated on p. 4, Runge 
in 1888 announced that he had noted the existence of lines in spectra, 
the wave-numbers of which could be expressed by formule of the 
type 

n=A-+B/m + C/m? 
or n= A+ Bim? + C/m4. 


The application of this formula to spectral series was studied by 
Kayser and Runge, and their results were published during the years 
1890 to 1893. They found that the best agreement was usually found 
by using the second of the two formule above, but that in certain 
cases an iniprovement was obtained by the use of the formula 


n= A+ B/m? + C/m’. 


It must be remembered that these formule represent only the first 
terms of a converging series, and that the terms containing higher 
powers of m are omitted. This omission is of little importance when 
m is large, that is to say, for the smaller wave-lengths, but the results 
given by the formula do not agree well with those observed when m 
is small. Kayser and Runge attributed this to the want of terms with 
higher powers of m, e.g. D/m. 

This formula was criticised by Rydberg as being only an inter- 
polation formula which aims at expressing the wave-numbers of lines 
in a series with the greatest possible accuracy. Kayser,! however, 
maintained that the formula is not an interpolation formula in the 
true sense of the word, since ordinary interpolation formule do not 
express the results so well. 

Kayser and Runge, recognising that the general standard of 
spectroscopic work was not sufficiently great to justify accurate 
calculation of series formule, undertook the measurement of wave- 
lengths of spectral lines to a much closer degree of approximation. 
They also were the first to reduce the values measured in air to the 
true values measured in vacuo so as to ensure as great an accuracy 
as possible. In order to do this they themselves determined the 
refractive indices of air and their values were universally used until 
recently, when still better values were published by Meggers and 
Peters in 1918 (see Vol. I., p. 127). 

It may be noted that Kayser and Runge gave names to the series 
which were different from those used by Rydberg. The nebulous 
and sharp series were called by the former authors the first and 
second subordinate series, respectively, and these names are still used 
by some observers. The more usual names are the diffuse and sharp 
series. In Table XI. are given the wave-lengths of the series lines of 
sodium as measured by Kayser and Runge, together with the values 


1 Handbuch der Spectroscopie, I1., 526. 
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TABLE XI. 
Arc SPECTRUM OF SODIUM. 
Kayser and Runge. Rydberg. 
o o 
> S Be) = “ G 
3 g & g AS ; 
f z & g 2 aI E g 
x» = ® ee oes ma 2 a 5 
j r re wz 38 Ro = 2 a 
i ‘s 38 Aa as Ke) p 
3 an oo us) 3 cs] 
I na =| =I Q q 
= 4 ie = © n 
aa iq 3 a Zz 
= n 
m m m m m m 
819476 | 1220292 | — — 3 8194-76* — — 2 8203-10 — 
8184°33 | 1221847 | — —_— 3 8184:33* _— —- 2 8191-51 — 
6161-15 | 16230°74 | 8dR — — 4 6161°15* — — 3. 6158-66 
6154°62| 16247:96 | 8dR —_— —_— 4 6154:62* — — 3 6152°15 
5896'16| 16960719 | 97% | 3 5818-7 — == I 5894739 — —_— 
5890°19| 16977°38 | I0r | 3 5804-6 — — I 5888-42 — — 
5688-26| 17580-07 | 8dR — 4 5688:26* — 3 5689:70 — 
5682:90| 1759665 | 7dR _— 4 5682-90* — a= 3 5684:14 = 
5675'92| 17618-29 | 3dV = i Oe ioe ne 3 
5670°40| 1763544 | 3¢V = — — — = 
5153°72| 19403'46 | 6d = = 5. 51532" = = 4 5155°30 
5149°19| 19420°53 | 5d = = 5 5149:19* = — 4 5150°73 
4983'53| 20066'10 | 6dR — 5 4983'53* = _ 4 4984°36 = 
4979°30| 20083°14 | 5dR == 5 4979°30* — = 4 4980-09 = 
4752'19| 21042°93 | 44 == ~— 6 4752"19* — = 5 475415 
4748°36| 21059:90 | 3d — -- 6 4748:36* = = 5 4750:26 
466974 | 21416:03 | 4dR — 6 4668-45 — ot 5 4670°31 ae 
46652 | 21435°31 | 3dR | — 6 4664-68 — = 5 4666°56 a 
454603 | 2199721 | 3d as = 7 4544°86 = = 6 4547°54 
4542°75 | 22013'10 | 2d —_— — 7 4541°36 pase — 6 454388 
4500°0 | 22222:22 | 2d = 7 4497°32 = — 6 4499°55 = 
4494°3 | 2225041 | 2d = 7 4493°80 = -- 6 4496-07 == 
4423°7 | 22605°51 | — = = 8 4421°95 — se 7 4425°56 
4420:2 | 22623°41 od = = 8 4418-65 — == 7 4422:20 
4393°7 | 22759°86 | — — 8 4392°83 = ao 7 4395°31 A 
4390°7 | 22775°41 are — 8 4389:40 — — 7 4391:99 a5 
4343°7 | 23021°85 | — — = 9 4342°44 es _— {9 4347-02 
lo 4343°77 
4325°7 | 23117°65 | — — 9 4323°904 ess = f7 4326-64 = 
(7 4323-42 = 
3303-07 | 30274°87 | 8r | 4 3303:07* — - 2 3315°73 = = 
3302°47| 30280:37 | 8r | 4 3302-47* _ — 2 331515 ae = 
8-79 —, x 
852" 6r 852-91* = = pees 
2852°91 | 3505193 | 6r | 5 2852-91 (3 2858-60 = we 
8 683764 — wee 
2680'46| 37307°03 | 47 |6 2680:46* fea — f4 2003 
| ; (4 2683-55 = = 
2593°95 = == 5 2596-00 — vic 
2593°98 | 38550°80 | ar f 
: ae — — 5 2505°95 -- ~- 
2543°75 = — 6 2545738 = SS 
2543'°85 31074 Ir 85 
543°85 | 39310°49 Vas4s6% ‘2 ea eae Pa = 
, , 251177 _ — 7 25%3'34 ae = 
2512°2 805'27 rv 4 
Tae (2511-58 = — 7 2513°33 — = 


formula. 


* The lines thus marked were used in the calculation of the constants of the 
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calculated by them. For comparison I have included the results ob- 


tained by Rydberg’s formula, adopting the values of the constants 
given by him. 


Kayser and Runge’s equations are :— 


Principal series, (1) m = 41542:51 — 130233/m? — 800791/m!, 
(2) 2 = 41550-33 — 130710/m? — 793751/m!. 

Ist subord. ,, (1) m = 24492-32 — 110585/m? — 176-6/m!, 
(2) m = 24510-21 — 110606/m? — 177-6/m'. 

2nd subord. ,, (1) m = 24549-12 — 120726/m? — 197891/m4, 
(2) 2 = 24565-83 — 120715/m® — 197935/m’. 


In Rydberg’s equations we have the following constants :— 
N = 109675:00. 
Principal series, P,, or convergence limit 41452-61, 


(1) line of larger wave-number p = 1:117072. 
(2) line of smaller wave-number p = 1:116329, 


Nebulous series, d = 0649840, 
(1) D,,, or convergence limit 24470°13, 
(2) De. 5, . »»  24487-32. 
Sharp series, o = 0:988436, 
(1) S,,, or convergence limit 24470-13, 
(2) Se. 45 r 1 24487-32. 


It may be seen that Kayser and Runge’s formula is very successful 
in reproducing the observed values, except when m is small. Indeed, 
the agreement between calculation and observation is better than in 
the case of Rydberg’s formula. 

On the other hand, the Kayser and Runge formula does nothing 
more than express the wave-numbers of the lines of a series with 
accuracy. The fundamental facts of Rydberg’s theory are not 
expressed, and since we know that these have a real physical signi- 
ficance, there is no question that the Kayser and Runge formula has 
no real advantage except that it is very convenient to use. 

This criticism of their formula must in no way be allowed to detract 
from the value of Kayser and Runge’s work on spectral series, for we 
owe to them a very full knowledge of the series systems characteristic 
of many elements. It was they who were able to identify and classify 
the satellite series which are often associated with doublet and with 
triplet series. The satellite series were first recognised by Rydberg 
and called by him the secondary nebulous series as explained above 
on p. 16. Runge and Paschen also carried out very valuable work 
on the spectral series of helium,’ oxygen, sulphur, and selenium.? 
Particular reference may be made to the case of helium, for this 


1 Berl. Ber., 639 (1895); Brit. Ass. Report, 610 (1895). 
2 Ann. der Phys., 61, 641 (1897); Astrophys. Journ., 8, 70 (1898). 
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element exhibits six series, of which two are principal series, two 
first subordinate, and two second subordinate series. In this case 
the formula containing the term m~* was more suitable and the values 
of the constants in the six equations were as follows :— 


Principal series, (1) = 38455°324 — 109891/m? — 14507/m’. 
Ist subord._,, (1) m = 2922435 — 109836-3/m? — 167/m’. 

Zndae = (1) n = 29197-97 — 106152-4/m? — 86560/m3. 
Principal series, (2) m = 32029:86 — 109537/m? — 1963-6/m’. 
Ist subord. ,, (2) m = 27175:16 — 109758-6/m? — 272-6/m. 
Didier - (2) nm = 27168-595 — 108825-6/m? — 35960/m°. 


It will be seen that the first and second subordinate series form two 
pairs with the same convergence limits, and as there are two principal 
series Runge and Paschen concluded that helium must be a mixture 
of two gases, to which, following Johnstone Stoney’s suggestion, they 
gave the names of helium and parhelium. This conclusion, however, 
was proved to be erroneous. 

The Work of Ritz.—-Very important and valuable work on spectral 
series has been carried out by Ritz, who in his earlier papers dealt with 
the theory of spectral series and the development of a new formula.! 
He starts with Rydberg’s equations for the two series of hydrogen 
lines, 


nie ies 
~~ me me 
N N 


and i 


m,* (ms + 0°5)* 
and arrives at the general equation for all series 
PNG ys 
aes 
where p and q are the roots of certain transcendental equations. 
These terms can be expressed in semi-convergent series of the form 


=m, +a B are 
p a ' m2 ' m4 1 
, , 
= M, + a’ B ss wae 
2 = Mo Mos = 


It is clear from this that the term N is the same for all substances, 
as was maintained by Rydberg. 

If only the first two terms of the converging series are used we 
obtain Rydberg’s general formula, 


N N 


n= —s 


(m, + a)? (m+ a’? 


Ann. der Phys., 12, 264 (1903); Phys. Zeitsch., 4, 406 (1903). 
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which is now shown to be only a first approximation. In order to 
obtain a second and closer approximation we must take in a third 
term of the converging series, and not alter the constant N. We thus 
have for a single series (m, == constant)— 


10976500 
(ms ee ae ) 


My" 


tn=A— 


where m,= 1, 2, 3, etc. This formula gives very striking results 
when applied to spectra. Further, the connection between the prin- 
cipal and second subordinate or sharp series is in this way mathe- 
matically proved, and the two can be united in one formula. The 
doublets of these two series in the spectra of the alkali metals are 
given by the formule 


haa ee 
= } nee eae | 

SSM (mt et gs) (mm tos tal ie op) | 
at = N 7 


eT ak i if Ba eee aL wee l 
M, + «a. My + 0°5 +- 
( ee Sow ( 24 5 Beers a 
In the case of sodium and potassium Ritz has calculated out the 
wave-lengths of the lines, and it will be seen how great an accuracy 
the formula gives. The values of the constants were 


Sopium. PoTASsIUM. 
Gy = O14505 5 a yee a, = 0'20034\ 9 _. _ 4.592 
Op = o-14521)P Pera clse a= 0-28750P os mre 
a’ = 015157 Bt = — 0-05586 a’ = 0:31789 PB’ = — 0:1076 


In the Tables XII. and XIII. the calculated wave-lengths are 
not given, but only the differences between these and the observed 
values. The latter are given in the first column; in the second are 
given the differences obtained by Kayser and Runge, the asterisks 
meaning that the observed values were used to obtain the constants 
in the formula. In the third column are given the differences ob- 
tained by Ritz. 

TABLE XII. 
SODIUM. 


Principal Series. 


my, KR R my KR R 
5896°16 + 78 0:00 et +- 0°03 =s 0°53 
2 cee + 86 0:00 eS i + 0:09 — 008 
J 330307 o0o0* + 0°03 ¥ aKae 8 + O10 — 022 
330247 00* 00 LSS + 072 — o1g 
7 * — o10 2 ae: + 0°5 ols 
4 285291 00 + 007 Oo Vhi223 Oe aie 
ade ye * — 0:08 
5 2080°46 (ere) eco | 
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Second Subordinate Sertes. 


m, +4 KR R 
15 5890719 = +: 33.4°0 000 
25 11404°0 — Il4 + 09 
B55 6161-15 — 0:00" 0°00 
4°5 5153°72 or00* = 0°25 
5°5 4752°19 0:00* — 0°23 
6°5 4546°03 + 116 + 0-21 
125 4423°7 Beak) a ORT) 


Only one line of the pairs is given in this series, as they have a 
constant frequency difference. 
TABLE XIII. 
POTASSIUM. 


Principal Series. 


my KR R my, KR R 
> 7701'92 + 161°3 0°00 7 3034°94 + 0°23 — 0°20 
766854 + 150°6 — 0°24 303494 + oa — 0105 
4047°36 0:00* 0:00 + o —o1g 
3 4044°29 0:00* 0°00 ° 2992°33 + 0-80 — 0:08 
3447°49 O00") ==F-0713 : + 1-05 ee ge 
4 34460°49 0:00* + o12 2 2963-36 + 111 — 0:07 
3217-76 o0"00* 0:00 ; + 1°45 — 0:27 
5 3217°27 0:00" + 0:05 a4 Eee + 1:60 — 2°23 
B 3102°37 O27) 1 OMLO 
.3102°15 + 0°36 + 0°40 


The second subordinate series of potassium agrees with the ob- 
served values just as closely as in the case of sodium. This formula, 
developed by Ritz, marked a great advance in our knowledge of 
spectral series, since it established the truth of the contentions made 
by Rydberg, namely, the constancy of the term N, the expression 
of the wave-number of the lines of any series as the difference between 
two terms, one constant and the other variable, and the connection 
between the various series exhibited by one element. The Ritz 
equation, 


has been adopted by many as the most accurate formula for the ex- 
pression of the lines of a spectral series. 

In later papers Ritz! showed how it is possible from the more 
accurate values given by his formula to derive new series of lines 
from the known spectral series of an element. He brought forward a 
modified formula 


N 
[m+a-+ B(A — n)]? 


* Astrophys. Journ., 28, 237 (1908); Phys. Zett., 9, 244, 521 (1908). 
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and it is of some importance to note that in his later work Ritz 
relied upon this formula as the more accurate of the two. The con: 
stants a and f characterise the course of the series and are equal to 
one another for two series that have constant differences. 

The new advance made by Ritz in the establishment of new series 
is a generalisation of fundamental importance and is known as the 
-combination principle. The possibility of such series had occurred 
to Rydberg, but he was unable to prove their existence. This may 
readily be understood if we take Rydberg’s formula— 


el eit eee ee 
(my + py)? (tg + fg)?” 
which for the principal series takes the form 


N N 


n= — , 
(I+ 0)? (72 + pte)? 
where o 1s the value of y in the sharp series. It occurred to Rydberg 
that in his general formula m, might vary as well as mg, and that lines 
might exist, the wave-numbers of which, for instance, are given by 
gas N N 
(2 +o)? (Mg + pp)” 
As I say, Rydberg was not able to identify any such lines, but Ritz 
definitely established the new principle, for he discovered the exist- 
ence of these combination lines and series of lines. A typical and very 
simple instance is afforded by hydrogen, the Balmer series of which 
is represented by the simplified Rydberg formula 
N N 


1 = — = 5 
2 : 
my, My 


Ritz showed that if m, = 3 and m,y= 4 a line is obtained with 
A = 18751-7, which is obviously the line measured by Paschen at 
A = 18751. Another line (m, = 5) of this series has also been recog- 
nised. Again, if m, = 1 and m, = 2, 3, 4, the very short wave-length 
lines measured by Lyman are obtained. 

Ritz introduced a simplification in the method of expressing the 
equations of spectral series by writing the symbol (m, a, 8) for the 
variable term N/{m + a+ f(A — )]? which enables us to express 
the principle of combination very simply. Thus the doublet prin- 
cipal series of the alkali metals may be written in the form 


i — (2:5, S, a) nae (m, Pr 73), 
and eS (2°5, S, a) ra (m, P2 72), 


if for a and B we substitute s and o for the sharp series and p and 7 
for the principal series. Similarly the sharp series is written 


= (2; Pu 7) ; (m, S, a) 
and N= (2, Pa, Tz) — (mM, 5, ), 
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and the diffuse series by 


1 = (2, Pr 77) —¥ (m, d, 8) 
and Hi (2, Pa 79) <= (m, d, 8). 


Combination series have been observed of the types given by putting 

3:5, 4°5, etc., in the first term of the equation for the principal series, 

for example 
i eae S; c) a ies (m, Pr 77). 


Similarly, new combinations have been observed of the type 


a (2, Pu 7) = (m, Pr 77) 
and t= (2 P2, 79) ce (m, Pre; 72). 


It may be readily seen that as combination terms exist in which the 
variable terms of the satellite series take part, the number of possible 
combinations is very great. One particular combination noted. by 
Ritz may be mentioned, namely, (3, d, 6) — (m, py — po, ™ — 72) 
where m = 4, 5, 6, etc., which expresses the infra-red series of lines 
found by Bergmann! in the spectra of the alkali metals. This series 
is now generally recognised as one of the four chief series of a system 
and is called the fundamental series, a name suggested by Hicks,? 
although it is sometimes still referred to as the Bergmann series. It 
is expressed on the Ritz method by (3, d, 6) — (m, f, ¢), where f and 
¢@ are the characteristic constants. They are not exactly equal, as 
Ritz believed, to p, — py and 7, — 79. 

The great importance of the combination principle may at once 
be realised from the fact that the combination lines are obtained 
without the introduction of any new constants. Further, the new 
principle still further emphasises the fundamental significance of the 
expression of the wave-number of any line as the difference between 
two terms. It is this fact which forms the basis of the Bohr theory 
of elementary spectra, according to which the two terms represent 
two different energy states of the atom, the radiation corresponding 
to a spectrum line being emitted when the atom passes from the 
higher energy state to the lower. 

The Series Architecture of Simple Systems.—The foregoing ac- 
count of the work of Rydberg, Kayser and Runge, Runge and Paschen, 
and Ritz, brings us to the point when it is advisable to give a short 
description of the present state of our knowledge of simple series 
systems, such as we have been discussing. At the moment this can 
only be done purely as a matter of series structure. It may be said 
at the outset that the advent of the Bohr theory has very considerably 
altered our point of view. There is no longer any great need to enter 
into argument as to the relative merits of any one series formula from 
the point of view of its physical significance. It is now rather a question 


1 Zettsch. wiss. Phot., 6, 113, 145 (1908). 
* Analysis of Spectra, p. 29. Cambridge University Press, 1922. 
* For an account of Bohr’s theory and its developments, see below, p. 63. 
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of choosing a formula which expresses the wave-numbers of the lines 
with sufficient accuracy and which at the same time is convenient 
to use as regards the avoidance of unnecessary complexity of calcula- 
tion. There is no formula for the spectral series of elements, except 
those of hydrogen and helium, which has an absolute physical basis 
on the Bohr conception. All that we know definitely is that the 
variable term in the formula for any such series is a function of a 
consecutive series of integers, and that this function is not constant 
but approaches a constant limiting value as the integers become 
larger. This is inherent, of course, in Rydberg’s formula and in both 
forms of the Ritz equation and is also characteristic of another formula 
which may be mentioned here, namely that of Hicks,} 


(wah) 


m 


== Ao— 


Several other formule have from time to time been suggested 
by Halm,? Paulson,? Johansen,* and Ishiwara,® and in some cases 
these give closer agreement with observation than the Ritz and Hicks 
formule are capable of giving. It would seem, however, that at the 
present state of our knowledge it is hardly worth while to do more 
than give this brief reference to them. 

The first question that arises is which is the best formula to adopt 
in ordinary work. It may be said that in the preliminary selection 
of the series lines out of a spectrum the Rydberg formula is very 
useful, in spite of the fact that it is the least accurate. It is a simple 
formula to use and with the help of the interpolation table given on 
p. 300 very valuable information can be gained in the early stages 
of allocating lines to their series. For the more accurate expression 
of the lines of a given series, either the Ritz or Hicks formula can be 
used and indeed the former is used by Paschen and his co-workers, 
whilst in England Fowler employs the latter. 

As regards the complete series system of an element we have already 
learned that there are four chief series, namely, the principal, diffuse, 
sharp, and fundamental groups. These consist of either singlets, 
doublets, or triplets and it is interesting to note that doublet and 
triplet serics are exhibited alternately by the elements in the con- 
secutive groups of the periodic table. Thus the elements of the first 
group, lithium, sodium, potassium, etc., exhibit doublets, the elements 
of the second group, magnesium, calcium, etc., exhibit singlets and 
triplets, whilst in the third group, so far as we have yet learned, 
aluminium, gallium, etc., doublets again are the characteristic type. 
This only refers to the are spectra of the elements, the spark or 


1 For an account of Hicks’ work, see below, p. 40. 

2 Trans. Roy. Soc., Edin., 41, 551 (1905). 

3 Kongl. Fysiog. Sallsk, Handlingar, 25, No. 12 (1914). 
4 Arkiv, Mat. Ast. och Fystk, 12, No. 6 (1917). 

5 Math. Phys. Soc., Tokyo, 9, 20 (1916). 
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enhanced spectra showing different types as will be explained below. 
Reference has already been made to the Ritz abbreviated method of 
expressing series and this has generally been adopted, but this method 
refers particularly to Ritz’s own equation. A more general system 
is indicated which does not commit us to any definite formula and 
Fowler’s method may be used. According to this system any variable 
term is written in general as mp, or mP, mS, mD, mF for the four 
chief series. Further, the wave numbers of the mth lines of the four 
chief series are expressed by P(m), S(m), D(m), F(m). The general 
equations of the four series are written 


P(m) = 1S — mP, principal series. 
S(m) = 1P — mS, sharp series. 

D(m) = 1P — mD, diffuse series. 

F(m) = 2D — mF, fundamental series. 


The Rydberg-Schuster law is expressed in the first three, whilst the 
last, foreshadowed by Ritz, is generally known as Runge’s law.! 
The limit of the fundamental series, F., is equal to 2D and from 
the third equation we have D(z) = D. — 2D = Dz. — Fa. Runge’s 
law, therefore, can be expressed by saying that the difference between 
the limits of the diffuse and fundamental series is equal to the wave- 
number of the first line of the diffuse series (usually with m = 2 in 
Rydberg’s formula). 

The above method leads to a general statement of the relations 
between the four series and does not indicate whether the series consists 
of singlets, doublets, or triplets. Following a suggestion made by 
Saunders, Fowler ? uses capital letters for singlet series, small letters 
for triplet series, and Greek letters for doublet series, thus :— 


P, S, D, F, for singlet series, 
m,o, 5, $, ,, doublet ,, 
Pp, S; d, iP ”) triplet ”) 


If the complication due to the presence of satellites be for the 
moment omitted we may describe the characteristics of doublet and 
triplet series. The principal series of doublets consists of pairs, the 
components of which approach one another as the order number (m) 
increases and the convergence frequency is the same for both series of 
components. The more refrangible components of the pairs are the 
stronger lines and the wave-number difference of the first pair (m = 1) 
is the same as that for the pairs of the sharp and diffuse series. 

The sharp and diffuse series consist of pairs of constant wave- 
number difference, and, in accordance with the Rydberg-Schuster 
law, the less refrangible components of the lines are the stronger. 


On the abbreviated system of notation these facts may be expressed 
in the following way :— 


1 Phys. Zeit., 9, 1 (1908). 
* Report on Series in Line Spectra. Fleetway Press, London, 1922. 
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eee {mim = Io — mm, shorter A and stronger intensity, 
7(mt) = Io — mm, longer A and weaker intensity, 
m = I, 2, 3, etc. 
= Im, — mo, longer 4 and stronger intensity, 
== Im, — mo, shorter A and weaker intensity, 
— 2573, 4, ele, 
) = Im, — m8, longer A and stronger intensity, 
) = Im, —- md, shorter A and weaker intensity, 
m = 2, 3, 4, etc. 


As regards the fundamental series the general equation given above is 
F(m) = 2D — mF,, and since it will be seen from the above expressions 
that there is only one value of the term 28, it follows that the funda- 
mental series consists of single lines. In order to be in keeping with 
the symbols employed for a doublet series, this series is written 
$(m) = 28 — mg 
i 3) 4, Ds etc. 

It is clear that the constant separation of the components of the 
sharp and diffuse series and that of the first pair of the principal 
series is given by Im, — Inj. 

In a triplet series the least refrangible components of the sharp 
and diffuse triplets have usually the strongest intensities, that of the 
most refrangible components being the weakest. If the wave- 
numbers in decreasing order of wave-length be called 1, %, mg, then 
Ny — Ny is usually rather more than 2(”3 — ng). 

In the principal series the order of intensities is inverted and the 
two most refrangible components have the widest separation, except, 
as is usually true, in the case of the first member of the series. In 
this series, as is true of all principal series (except singlets), the com- 
ponent series have the same convergence limit (Is). For the same 
reason, as given above, the fundamental series consists of singlets. 
In the abbreviated notation the various equations are written 


Sharp series ie 
2 


: (54( 
Diffuse series 3,( 


p,(m) == Is — mp, shortest Aand strongest intensity, 


Principal series { p.(m) == Is — mp, ; 
p_(m) == Is — mpg, longest A and weakest intensity, 


== 1,72, 3; etc. 


3 


) = Ip, — ms, longest A and strongest intensity, 
Sharp series {sm = Ip, — Ms, 
= Ip, — ms, shortest A and weakest intensity, 
Mt == 2, 3, 4, etc: 
d,(m) = 1p, — md, longest A and strongest intensity, 
Diffuse series {aim = Ip, — md, 
d(m) = 1p, — md, shortest A and weakest intensity, 
Wy =="2, 3, 4, els. 
Fundamental series f (m) = 2d — mf, 
i = 3, 4,75, ote. 
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In the case of the fundamental series the convergence limit 2d is 
always the first variable term of the diffuse series and is sometimes 
given by m == I and at most times by m = 2. : 

In the case of the elements which show triplet series there is 
exhibited also a system of singlets, and since in addition to combina- 
tion. lines within each system there also appear inter-combinations 
between each system, Fowler quite rightly suggested that the singlet 
system forms an essential feature of a triplet system. 

When satellites are present the structure of a series system is 
more complicated. Mention has already been made of the discovery 
of satellites by Rydberg who called them secondary nebulous series. 
Kayser and Runge were the first to point out their real connection 
with the diffuse series. Both doublet and triplet series have satellites 
associated with them, although this is not always the case since 
neither sodium nor magnesium exhibit any evidence of satellites. 
This, however, is due to the fact that the satellites have not been 
separated from the principal lines. 

In the case of doublet series there is one satellite which is asso- 
ciated with the less refrangible component of each pair of the diffuse 
series, the satellite in general having a weaker intensity and a larger 
wave-length. It is a remarkable fact that the chief line is then dis- 
placed from its normal position, the constant separation characteristic 
of the diffuse pairs now being shown by the satellite and the more 
refrangible component of the pair. As the order number m increases 
the chief line and its companion satellite approach closer together, 
the common limit being the same as that of the corresponding members 
of the sharp series. In short, the less refrangible line and its satellite 
have the normal convergence limit. Since the satellites are only 
associated with the diffuse series, the formule for the principal and 
sharp series are the same as given above for doublet series, but the 
formule for diffuse and fundamental series are altered. For the diffuse 
series we have 


5,'(m) = Im, — mo’, satellite, 
3,(m) = Im, — md, chief component with longer A, 
5.(m) = Im, — md, __,, ae » shorter A. 


For the first time we have now two values for the limit of the funda- 
mental series usually given by 2D,, for we have 28’ and 28. In the 
case of doublet series, therefore, when satellites are present the 
fundamental series consists of doublets, and these doublets have a 
constant wave-number difference equal to the separation of the satel- 
lite and chief component in the first diffuse pair for which as a rule 
m= 2. We have therefore 


$,(m) = 28 — md, longer A, greater intensity, 
fo(m) = 28’ — md, shorter A, weaker intensity. 
In a triplet system each member of the diffuse series has three 
satellites associated with it, the least refrangible component having 
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two, the middle component one, and the most refrangible component 
no satellite. The weakest intensity is shown by the satellite with the 
larger wave-length associated with the least refrangible chief com- 
ponent of the triplet, that is to say, the outer satellite. The displace- 
ment of the chief line noted in the case of the doublets is here also 
present for both chief lines having satellites. The normal separation, 
namely, that given by the sharp triplets, is shown between the outer 
satellite of the least refrangible chief component and the satellite 
of the middle chief component. Just as in the case of the doublet 
series, the chief component and its satellite or satellites approach 
closer together as the order number increases. Each triplet consists 
therefore of six lines, three chief lines and three satellites, and there 


——— 


BIG... 


(From Fowler's ‘ Report on Series in Line Spectra.” Fleetway Press.) 


are three convergence limits which are the same as those of the corre- 
sponding lines of the sharp series. The series equations are written 
thus :— 


d,'"(m) = Ip, — md”, satellite, weakest intensity, 
d,'(m) = 1p, — ma’, satellite, 

d,(m) = 1p, — md, chief line with longest r, 
dy'(m) = Ip, — ma”, satellite, 

d,(m) = Ip, — md, middle chief line, 
d,/'(m) = Ip; — md’, chief line with shortest A. 


In this case we have three values for the convergence limit of the 
; , . vay ay y 
fundamental series, namely 2d, 2d’, and 2d , and consequently the 
fundamental series will consist of triplets with constant wave-number 
VOL. III. 3 


34 SPEGTROSCOrM 


differences between the components, which are equal to the wave- 
number differences between the first chief line and its two satellites 
in the first triplet of the diffuse series. We thus have for the funda- 
mental series 


film) = 2d — mf, longest A, strongest intensity, 


folm) = 2d’ — mf, : 
f,(m) = 2d’’ — mf, shortest A, weakest intensity. 


Diagrammatic arrangements of the chief lines and the satellites are 
shown in Fig. 1, together with the corresponding structure of the 
members of the fundamental series.+ 

As an example of a doublet series showing satellites the diffuse 
pairs of cesium are given in Table XIV. 


TABLE XIV. 
Ae Ne an. An. 
ee OD 36127-0 2767-3 (satellite) , 
34892-0 2865-2 (first chief line) 72 
5541 
30100°0 3321°4 (second chief line) 
(3 9208-40 (1) 10856:7 8 
9172-23 (2) 10899°5 ae 
5540 
876135 (5) 11410°7 
m=4 698337 (5) 143158 et 
697317 (10) 14336°7 y 
ze) 
6723°18 (10) — 14336°7 i 
5 6217-27 (1) 16079°8 eS 
6212°87 (8) — 16091:2 pat 
6 
6010°33 (7) 166334 cas 
m=6 5847°64 17096:2 
5844-7 17104'8 oe 
5663°8 17651°1 eee 


In the column headed du are given the wave-number differences 
between the satellite and the first chief line and as can be seen these 
differences decrease as m increases. In the last column the constant 
difference An is that between the satellite and the second chief line 
and this is the same as the separation of the pairs of the sharp series 
and of the first principal pair. The figures in brackets after the 
wave-lengths are the intensities of the lines. 

__As an example of triplets showing satellites the members of the 
diffuse series of mercury are given in Table XV. 


1 Fowler, Zoc. cit., p. 20. 
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TABLE XV. 


A. n. dn. An. 
m= 2 3662°88 (47) 27293°2 (outer satellite) 
3654°83 (6) 27353°3 (inner satellite) st 

3650°15 (10)  27388-4 (first chief line) 35 


} 4630°7 
3131°56 (7) 31923°9 (satellite) bo 
3125°66 (8) 31984:0 (second chief line) 
1767°3 
2967-28 (5) 33691-2 (third chief line) 
m= 3 302552 (2) 33041°6 23°65 
3023°47 (3) 33005°1 21's 
3021°50 (5) 33086°6 ‘ 
4030°9 
2653°68 (4) 376725 23°3 
265 2°04 (5) 37695'8 “ 
1707°3 
2534°77 (4) 39439°8 
m=4 280542 (1) 35635°0 eat 
2804°46 (2) 35647°1 12°5 
2803°48 (4) 35659°6 
4631°6 
2482°72 (3) 40266°6 oe 
2482-01 (4) 40278'1 5 ; 
1767-2 


2378°34 (3) 42033'8 


In the column headed dv are given consecutively the wave-number 
differences between the outer and inner satellite and the first chief 
line, and between the satellite and second chief line. Under dn 
are given for each triplet the characteristic separations which are 
also shown by the sharp triplets. These separations in the diffuse 
triplets are given by the outer satellite and the second chief line, and 
by the satellite to the second chief line and the third chief line. 

In addition to this the fundamental series also at times exhibit 
satellites, the arrangement of these being of exactly the same type as 
of those accompanying the diffuse terms. The existence of these 
was first suggested by Hicks?! and a typical instance is afforded by 
barium. The first diffuse triplet of barium has the structure shown 
in Table XVI. 


TABLE XVI. 


A. n. dn. An. 
a—i — 22313°4 — 4480°6 (outer satellite) ar 
— 23255°3 — 4299°0 (inner satellite) 808 
— 25515°7 — 3918-2 (first chief line) 3 
878-0 
— 27751°1 — 3602-6 (satellite) ae 
— 29233°9 — 3421°1 (second chief line) 5 
370°7 
— 30933'8 — 3231-9 (third chief line) 


1 Analysis of Spectra, pp. 54; 134. 
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Since the fundamental series is derived from this triplet, the three 
chief lines of the fundamental triplets will have the constant separa- 
tions of 380-8 and 181-6 respectively. The complete structure of 
a fundamental triplet of barium is shown in Table XVII. 


TABLE XVII. 
A. n. dn- At. 
mM = 3 3997°92 25006°1 (outer satellite) Ga 
3995°66 25020:2 (inner satellite) ia 
Z a 4:2 
3993°40 25034:4 (first chief line) 
381-2 
3937°88 25387°3 (satellite) oe 
3935°72 25401:2 (second chief line) 39 : 
1815 


3909°92 25568:8 (third chief line) 


Attention must be drawn to the negative wave-numbers which are 
sometimes given by the series formule, for these lead to results which 
at first sight appear to be out of keeping with the general scheme 
of the arrangement of lines in series. It has already been shown 
from the Rydberg-Schuster law that the first member of the sharp 
series is identical with the first member of the principal series, but that 
the wave-numbers have opposite signs. Thus in the are spectrum 
of sodium the two D lines form the first pair of the principal series 
and also the first pair of the sharp series. The value of Io for sodium 
is 41449-00 and the values of Im, and Im, are 24475-65 and 24492:83, 
respectively. For m = I in the two series we have, therefore, 


Principal, 41449-00 — 24475-65 = 16973-35 or A = 5889-963, 
41449:00 — 24492-83 = 16956:17 or A = 5895-930. 
Sharp, 2447565 — 41449-:00 = — 16973-35 or A= — 5889-963. 
24492°82 — 41449°00 = — 16956°17 or A = — 5895°930 
For the next members of the two series the wave-lengths are 


Principal Sharp 
A. r. 
NM == 2.. 3302736 11404:2 
3302°904 11382-4 
m = 3, 2852-828 6160:725 
2853:031 6154:214 


The true first member of the sharp series, compared with the other 
members, is a reversed doublet having smaller wave-lengths than 
the second and third members. This is the more usual phenomenon. 
In the case of the group, aluminium, gallium, indium, and thallium, 
the opposite occurs, for it is the first member of the sharp series of 
doublets which has the positive values and the first member of the 
principal series which has the negative values. The wave-lengths of 
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the first four members of the principal series of aluminium are given 


in Table XVIII. 
TABLE exXcvails 


A 

m= 1, — 3961-540 
— 3944:032 

Me = 2, 13125°36 
1315165 

Tit =e 6696-064 
6698-734 

m= 4, 5557-08 
5557°95 


In this case it is the first member of the principal series which seems 
out of keeping with the rest of the series. The explanation of this 
phenomenon will be given when the Bohr theory is discussed. 

The foregoing represents the usual phenomena observed with 
the four chief spectral series of the elements, so far as these have been 
observed. In additon to this there are the lines and series of lines 
due to the combination principle. As already pointed out the pos- 
sibilities of these are very numerous and many lines have been identi- 
fied as being due to single combinations, whilst many others have been 
allocated to combination series. 

In spite of the many lines which fall naturally into the four chief 
series and their normal satellite attendants, and of the many possibili- 
ties which are given by the combination principle, there are few ele- 
ments for which the whole of the observed lines have been definitely 
accounted for. A suggestion was made by Hicks that summation 
lines also occur. In the foregoing, emphasis has been laid throughout 
on the essential fact that the wave-numbers of spectral lines are given 
by the differences between two terms, one constant and the other 
variable. The proposal made by Hicks is to the effect that lines are 
also given by the sums of these terms and he believes that such 
summation systems include principal, sharp, diffuse, and fundamental 
series. Hicks gives in his Analysis of Spectra tables which include 
these summation series and there is no doubt that in this way he has 
been able to offer an explanation of the origin of many lines which 
do not fall in with the general scheme indicated above. 

At the same time it must be pointed out that such summation 
series are repugnant to the Bohr theory, which states that the emission 
of a spectrum line is due to the radiation of a definite quantity of 
energy when an atom passes from a state of higher energy content to 
a state of lower energy content, these states being represented by the 
two terms of a spectral series equation. On the Bohr theory a sum- 
mation of two of these terms cannot represent a loss of energy to which 
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a spectral radiation must certainly be due. At the same time Hicks 
has the advantage in that his summation principle is capable of 
representing lines which do not fit in with the series architecture 
such as we have defined. The impossibility of summation series on 
the Bohr theory shows that Hicks’s explanation of his summation 
lines is purely ad hoc and can only be accepted as such. The question 
therefore remains as to the true explanation of these lines, and it 
can only be said that our knowledge of spectral series of simple systems 
is as yet insufficient to explain them. 

One is justified in such a conclusion, since, although the great 
majority of lines can be allocated to either one of the chief series 
or to combination between these, there are still outstanding certain 
abnormalities. In the first place, the general rules laid down as to 
intensities and arrangement of satellites are not always obeyed, and 
then again there are known to exist series of lines which are not 
expressed at all well by any of the formule of Rydberg, Ritz, or 
Hicks. Such an abnormal series was noted by Rydberg in the case 
of magnesium, and other such series have been found in calcium and 
aluminium. The divergence from the normal seems to consist in the 
fact that the rate of convergence of the lines is not the same for small 
and large values for m. Whilst it is true that some success has 
attended the use of special formule in expressing these abnormal 
series,-it is questionable whether much information is thereby gained. 
It is an acknowledged fact that the Ritz and Hicks formule express 
the great majority of series with considerable accuracy, but that they 
can only be looked upon as approximations to the real truth. Until 
the true physical formula has been discovered it would seem wiser 
to acknowledge the limitations of the approximate formule and leave 
to the future the explanation of the abnormal series. 

It may be mentioned here that we have only been considering 
simple systems such as are exhibited by the elements in the first 
two groups of the periodic table. Recently, owing to the discovery 
by Catalan of complex groups of lines in the spectra of manganese, 
we have learned that singlet, doublet, and triplet systems are by no 
means all that exist. We shall see later that the statement that 
the first group of elements are characterised by doublet systems, 
the elements of the second group by triplets, and the elements of 
the third group by doublets is misleading. Rydberg was the first 
to point this out and it is known as Rydberg’s law of alternation. The 
actual state of affairs is more complex since the second group is 
characterised by singlets and triplets, the third group by doublets 
and quartets, the fourth by singlets, triplets and quintets, and so 
on. The structure of these more complex groups will be described 
later on and it will then be shown that the existence of the satellites 
in the diffuse and fundamental series of doublets and triplets is part 
of a general series scheme which is larger than we have as yet been 
able to envisage. 

It must be remembered that the whole of the preceding refers 
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only to arc spectra and that those spectrum lines, usually known as 
enhanced lines, do not conform to the series formule as given above. 
By enhanced lines, as explained in Vol. II., Chap. IL, p. 132, is meant 
those lines the relative intensities of which are increased or enhanced 
when the arc discharge is substituted by the condensed spark discharge. 
Previous to the enunciation of the Bohr theory these lines were 
somewhat of a mystery as regards their series relationships, but now 
it has been found as the result of Fowler’s work in this country and 
of Paschen’s later work in Germany that they can all be expressed by 
the accepted formule, provided that the Rydberg constant N is 
multiplied by 2?, 3%, or 4?, ete. This development of spectral series, 
based on the Bohr theory of emission spectra, forms one of the most 
interesting chapters in modern spectroscopy and it affords a con- 
firmation of Bohr’s fundamental principles which is extraordinarily 
convincing. In view of the fact that the story could not be told in 
its completeness without a knowledge of the elementary principles 
of the Bohr theory, it will be preferable for the present to postpone 
all detailed discussion of spark spectra. At the same time it was 
necessary to mention these enhanced spectra at this stage in order 
to guard against possible misconception as to the scope of what has 
gone before. 

There is one matter which has not yet received proper attention, 
namely, the value of the Rydberg constant N. Like all spectroscopic 
standards this has been modified by the introduction of the modern 
International Standard of wave-lengths, and it is naturally of great 
importance to fix a value which may be utilised with confidence 
in any work in this field. It will be remembered that Rydberg 
finally adopted the value of 109675-00 (when wave-numbers are 
used) based on the most recent determinations in his day of the 
wave-lengths of the Balmer series of hydrogen. Not only has a 
new fundamental standard of wave-length been introduced, but 
spectroscopic technique has been greatly improved since the time 
when Rydberg arrived at this value. 

A determination of this constant from an accurate measurement 
of the first six hydrogen lines was undertaken by Curtis,’ who ob- 
tained the values shown in Table XIX., the last column of which 
shows the values of N calculated from each line separately. 


TABLE XIX. 


m. A. Probable error. n N. 

i! 6562-793 0:0017 15233°216 109679°155 
4 4861°320 O*0010 20564°793 109678-896 
5 4340°467 0°0006 23032°543 109678-776 
6 4101°738 00013 24373°055 109678-748 
7 3970°07 5 Or0010 25181°343 109678°735 
8 3589°051 oO:oor! 25705'957 109678-750 


1 Proc. Roy. Soc., A, 90, 605 (1914); 96, 147 (1919). 
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As can be seen the value of N tends to decrease as the order number 
m increases, which suggests that the Balmer formula is not quite 
exact. On the other hand, it is known that the hydrogen lines are 
in reality complex, consisting of two components each of which is 
in itself complex. This phenomenon will be discussed in detail 
below and it is only necessary to say here that it is not comparable 
in any way with the doublets which occur in the alkali metal series. 
The important point at the moment is that the two principal com- 
ponents are very close together and not of equal intensity, and the 
separation decreases as m increases. The result is that the measured 
‘optical centre of gravity ’’ cannot conform strictly to the Balmer 
formula. It is not possible in the present state of our knowledge to 
give an absolute value of N for hydrogen, but Curtis shows that the 
most probable value on the International Standard is 109678-3 and 
this may be adopted for all practical purposes without hesitation. 
It is hardly necessary to point out that it is not possible to determine 
N from observations on other elements, since the series formule are 
not sufficiently accurate, and furthermore the Bohr theory shows 
that N depends on the nature of the element. 

The Work of Hicks.—An important critical study of spectral 
series has been: published by Professor W. N. Hicks in a series of five 
papers.1 He starts from the position that the Rydberg and the Kayser 
and Runge formule are good enough to indicate the existence of 
series, but not good enough to reproduce the values for spectral lines 
within the experimental error of their measurement. In seeking a 
better formula he naturally took that of Rydberg as the basis, since it 
has only two constants and leads to the well-known relationships 
between the various series. In the absence of any definite theory 
of the origin of spectra it was necessary to make some assumption 
and test it. Hicks assumes that in Rydberg’s equation, n=A—N/D?, 
where D = m + p, D is some function of m which can be expanded 
in a series of which m + yp is the first term. Since Rydberg’s formula 
becomes more exact as m increases, the function should be expansible 
in negative powers of m, thus 


D=m+ p+ alm + B/m 51 sue 
where a and £ are small. 


Ritz in his equation (unknown to Hicks in his early work) puts 
D=m-+ p+ f/m or m+ w+ B/(m-+0-5)2, but Hicks obtains 


more accurate results with his formula. It must be noted, however, 
that Ritz placed greater reliance on the formula 


n=A—N/[m+ p+ a(A — n)]2. 
This will be further discussed below. The first important result 
obtained by Hicks is that in his formula it is rarely necessary to go 
beyond the a/m term, that if a and B terms are both included B is 


1 Phil, Trans., A, 210, 57 (1911); 212 1913); 21 23 (1914) ; 
FUE eo, ose ay » 33 (1913 3, 323 (1914); 217, 361 
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always a small fraction of a, and that a alone gives better agreement 
than B alone. Possibly, if Rydberg is right in saying that D is a 
function of m + p, the true form is 


D=m+ptal(m+p) + Bi(m+p)?... 


Hicks says that there is some indication that this formula suits certain 
series, for example Rydberg’s magnesium series mentioned above, 
but too much stress must not be laid on the mere fact that a formula 
reproduces observations unless these are very exact, or comprise the 
first members and a considerable number of the others. For example 
the formula 


n = 26617-09 — N/[m + 0-317620 + 0:886213/(m + 0-31762)]? 


reproduces the magnesium series well, but later Hicks found that the 
formula 


n = 26609:74 — N/(m + 0:345117 + 0-723502/m)? 


also reproduces the observations within the experimental error of 
measurement. The results are given in Table XX. 


TABLE XX. 

m. XG pees Rydberg. a/(m + pw). a/m. 
3 5528-75 o:10 ? E 2 

4 4703°33 0°05 : z . 

5 435218 © 0°05 4 : 

6 4167°81 o:10 ie — 0:08 + 0:09 
7 4058°45 1:00 — 0°20 — O31 + o-04 
8 3987-08 rere) + 0:48 + 0°39 + 0:89 


* These lines were used in the calculation of the constants. 


The values in the fourth column are those obtained by the special 
formula of Rydberg which he suggested for this particular series of 
lines, namely, 


n= A + al(m +»)? — Bi(m + p)* 


The last three columns give the errors in wave-lengths in the calculated 
results and are Agate. — Aobs. From the results given in the table 
Hicks concludes that the magnesium lines do not belong to a new kind 
of series as thought by Rydberg. 

Hicks applies his own formula to the alkali metals, but as his calcu- 
lations are based on Rowland’s scale of wave-lengths they need not 
be given. In discussing the values of the constants he arrives at 
interesting results for the principal series (stronger components). 
In the first place, he finds for sodium, potassium, rubidium, and 
cesium that the values of » — I are multiples of a number not far 
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from 0-074. This suggested some relation with the atomic weight, 
but no direct relation was obvious. Hicks found, however, that the 
atomic volumes of these elements can be very nearly expressed by the 
same multiples of another constant. Then again, since he found that 
the values of a(~ — 1) for the four elements are the same, it follows 
that the values of » + a — 1 should also be multiples of a constant. 
The values are collected together in Table XX1I. 


TABLE XXI. 
Me a, (io P+ ae— I. presen 
Na 1°148678 | — 0:031776 | 2 X 0:074339 | 2 xX 0:058451 | 2 X 11-80 
K 1:296480 | — 0062511 | 4 X 0°074120 | 4 X 0°058492 | 4 X II‘I5 
Rb 1°366399 | — 0:074554 | 5 X 0:073280 | 5 X 0°058369 | 5 X II‘21 
Cs 1°450967 | — 0:090077 | 6 X 0:075161 | 6 X 0-:060148 | 6 X 11°76 


Hicks suggests that the principal series of sodium, potassium, and 
rubidium can be represented by the formula 


n=P, —N/[m+1— W(1 — 1/m) + 0-074560(1 — 0-21521/m)s]? 


where W is an atomic weight term having the values 0-000370, 
0:001466, 0:006444, respectively, and s stands for the integers 2, 4, 
5, given in the above table. The term W is 4/2, where J is the 
difference between the two denominators which give the doublet 
series. In order to express the principal series of caesium a small 
modification in the formula is necessary. 

In the second group of the periodic table there are triplet series 
and consequently two denominator differences 4, and 4,. In the 
zinc, cadmium and mercury group the same rule holds, if W be 
taken as 4y, which is roughly one-half of 4,, but as in the case of cesium 
a modification is required in the case of mercury. The following 
forms for the denominators hold :— 


Zn, m+ 1— W(1 — m—}) 4+ 0-290534(1 — 0:21558m—}), 
Cd, m+ 1— W(1 — m7}) + 0:359854(1 — 0:21537m~—}), 
Eu, m-+ 1 — W(1 — m—?2) + 0:309930(1 — 0-21246m~1) * 
Hg, m+ 1— W/4 + 0-317077(1 — 0-21534m~}). 


* Later measurements show that the constant in the case of europium may quite 
possibly be 0-215. 


In the case of magnesium, calcium, and strontium, the matter is 
complicated by the presence of the term f/m? in the denominator, 
but Hicks shows that B is a multiple of Jy, thus 


SERIES OF LINES 1N SPECTRA 43 


_ The constant 0:215 enters into the denominators if they be written 
in the following form :— 


Mg, m+1— B(1 — m—}) + 0:382462(1 — 0-21533m-1) + Bm-2, 
Ca, m+1— Bt — m~) + 0:574797(1 — 0-21572m~1) + pi 
Sr, m+ 1 — 2B(1 — m~}) + 0-676156(1 — 0:21404m71) + Bm-?. 


Hicks gives the following denominators for aluminium, gallium, 
indium, and thallium :— 


Al, m-+ 1— 50W + 0:294286(1 — 0:21526m~1), 
Ga, m-+ 1 — 10W + 0:359895(1 — 0°21483m7—}), 
In, m+1—2W + 0:325202(1 — 0:21478m-}), 
Tl m+1—W_= + 0-331405(1 — 0:21248m~}), 


where as before 2W = 4. Thallium does not conform, but, as pre- 
viously, this might be expected for the member with the highest 
atomic weight in the group. He considers that these results produce 
a strong conviction that the number 0-21520 is an essential constant. 

Hicks gives evidence that the proportionality with atomic volumes 
is also exhibited in the elements of the second and third groups. 
He combines his calculations for the principal series of the alkalies 
with those for the sharp series of the elements of groups II. and III. 
in the formula 


n= A—N/[m+ 1 — W(t — 1/m) + a(t — k/m)sv)?, 


where a and k are constants, not very different from 0:002740/(1 — k) 
and 0:21520, respectively ; v is the essential atomic volume of the 
element (possibly the sphere of activity) and s is an integer. 

If k = 0-:21520, a = 0:003490. The values of s for the elements 
so far considered are as follows :— 


Na 2 Mg 8 Zn 9 Al 8 Ga 8 
IK Ca 7 Cd 8 Sor In 6 
Rb 2 Sra G Eu 7? Yr ? 
Ce 2 Ba? 5 or 6 He 6 La? TL 5 
? Yoe 
Ra? 5 or 6 


It must be pointed out, however, attractive though these results 
are, that the degree of approximation given by the last general 
formula leaves a good deal to be desired. This is pointed out by 
Fowler,! who gives a comparison between the values of the denominators 
calculated from the regular series formule and from the Hicks general 
formula; these are shown in Table XXII. 


1 Report on Series in Line Spectra, p. 52. Fleetway Press, Ltd., London, 1922. 
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TABLE XXII. 
i 1 
Element. Series. plo ch Alz. Ao Pa Sr eee 
K : 7 44:60] 2 | 0:001466 — (1) 2°233969 | 2°244315 
(2) 3:265225 | 3:277078 
Ca 2 s 25°5 7 — 0°001368 | (1) 2°484198 | 2-488903 
(2) 3°522799 | 3°555250 
Zn : 5 9°33} 9 — 0:003475 | (1) 2:227899 | 2:229991 
(2) 3°257479 | 3°259785 


As may be seen the correspondence is far from perfect and, as Fowler 
says, after the exhaustive investigation made by Hicks it may be 
doubted whether it is really possible to deduce such a formula which 
will be applicable to all elements. At the same time it may be sug- 
gested that the want of agreement does not necessarily discount the 
value of Hicks’s generalisation. The atomic volume term is difficult 
to assess with any degree of confidence, for it depends on the density of 
the element. The remarkable work of Cohen and his co-workers on 
the allotropy of the metals at once brings into question the reliability 
for the present purpose of any one value for the density of a solid 
element. Until the physical significance of the atomic volume term 
is definitely determined, the generalisation found by Hicks cannot be 
dismissed as being of little value because the results given by it do 
not agree very closely with the observations. It may be that the best 
method of determining the sphere of activity of the atom is not by 
calculation of the atomic volume of the solid element, since after all 
spectral series are functions of the elementary atom in the gaseous 
state. 

In his third paper Hicks further develops his theory of the 
influence of the atomic weight term. He points out that the doublet 
and triplet separations are roughly proportional to the square of the 
atomic weight. In the formule these separations arise by certain 
terms being deducted from the denominators of the typical sequences. 
For example, in the first group, if 


P,(m) = A — N/(m + p+ a/m)? = A — N/D*, 
Pa(m) = A — N/(D — 4)? 


with the result that the series consists of converging doublets. 
In the sharp and diffuse series 


Si(%o) = Dy(oo) = N/(D,)? and S,(00) = D,(oo) = N/(D, = 4°. 
The values of 4 will also be roughly proportional to the square of 
the atomic weight. We may call these the atomic weight terms and 
write 4 for doublets, 4, and A, for triplets, and dn for the actual 
separations. The values of 4 can be found with great accuracy, 
especially for elements of large atomic weight. 


then 
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It has been long known that 4,/A, is always slightly larger than 
2. It is natural therefore to consider 4, — 249, expressing both 
in terms of the square of atomic weight. It is at once seen that 
these differences in many cases are multiples of the same number 
about 360, for example Ca 1, Sr 3, Ba 8, Hg 19, and further that in 
many cases 4, and A, are themselves multiples of the same number. 
Since magnesium and zinc with differences of 450 and 543, respectively, 
could not be brought into line, this method of attack was at first 
given up. It was later noted that 4, and A, are both extremely 
exact multiples of 4,—24,. In fact 4, = 31  543:446w? and 
A, = 15 X 543:476w*, where w= A.W./100. This can hardly be 
due to chance since 543-44 is nearly 3/2 x 360 previously found and 
the 450 of magnesium is about 5/4 x 360. In other words, with the 
rough values used 360 = 4 X 90, 450 = 5 X 90, and 540 = 6 X 90. 
A systematic investigation of all the available date was then under- 
taken in order to test the theory whether the J of elements with 
doublet and triplet separations are multiples of a quantity proportional 
to the square of the atomic weight. This quantity may be written 
d = qw*. Since J is the difference of two decimals with six significant 
figures it is convenient to tabulate 10°4. The method adopted may 
be shown by taking the triplets of calcium, sharp series, the values of 
dn, and dn, being 105-89 and 52:09. The value of S,(oo) is 33983:45 
and from the numbers 33983-45, 34089-34, and 34141-43 the values of 
the denominators are found to be 1:796470, 1:793679, and 1-792310, 
from which J, is 0:002791 and J, is 0-001369, and these are tabulated 
as 2791 and 1369. The atomic weight of calcium is 40-124 and on 
dividing A by (0-40124)” we have 


A= 07336) ww" = Ae 361 100 


Hicks gives in each case the permissible margin of error calculated 
from the known error limit in each measurement, but these need not be 
given here. In Table XXIII. are given the results of these calcula- 
tions, which reveal a remarkable constancy in the term gw*. In the 
table the second column gives the atomic weights, and in the third 
column the upper figures are the values of dm and the lower figures 
the values of 1084. In the case of triplets there are of course two sets 
of values, one for dv, and A, and the other for dv, and Ay. The fourth 
column gives in each case the value of 1084/w? and the factors for 
each, whilst the last column gives the differences between the values 
of the atomic weight factor and the mean value 361°8. _ If this atomic 
weight factor is given as about 90 or 180 the differences in the last 
column refer to these factors multiplied by 4 or 2. The maximum 
allowable errors are also given in the last column. 

It may be seen at once that the two groups which give doublets 
agree in giving A as multiples of a number close to 361-8w*. Group I. 
giving triplets requires in several cases multiples of 90w? or 1800”. 
If it be agreed that 361 is the normal type and for numerical compari- 
son we multiply the 90 by 4 and the 180 by 2, and, further, if the 
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TABLE XXIII. 


Element. ea dn, 108A. qu’. 3618 + 
Na 22-998 17°175 14027°96 0-2 
743°0 155 X 90°50 O'I4I 
K 39°097 57°87 19224°86 0°92 
2939 53 X 362°72 3°22 
Rb 85°448 237°54 17715°86 — 0°40 
12935 49 X 361-40 0°56 
Cs 1327823 553°80 18449:48 — 0:06 ; 
32551 51 X 361°74 0°33 
Cu 63°56 248-49 _ 18075°8 0:04 
7311 50 X 361-84 080 
Ag 107°88 920°61 23879°34 o:ol 
27791 66 X 361°81 o:2 
Mg 24°362 40°90 14389:05 o:19 
854 159 X 90°497 I-00 
19°89 6992°33 1-78 
415 77 X 90°89 3°12 
4, + 4:=] 59 X 362°36 
Ca 40°124 10589 17336°1 — 0°63 
2791 48 X 361°169 1°52 
52:09 850374 — 024 
1369 47 X 180°923 1:00 
A, + As = | 143 X 180:696 
Sr 87°66 394°35 15401°16 0°59 
11835 85 X 181195 o'72 
186°93 7200°4 — 1:78 
5533 20 X 360:02 0°585 
A, + A, = | 125 X 18082 
Ba 137°43 878-21 15528-2 — 0:68 
29328 43 X 361121 0:600 
370°33 6340°96 0°54 
11976 35 x 181:170 0882 
A, + Ag = | 121 X 180°74 
Ra 220°4 2050:26 18077°15 — 0'257 
92658 50 X 361°543 2 (?) 
832-00(?) 670973 0°86 
34390 37 X 181-33 
A, + Ag = | 137 X 180°92 
Zn 65:40 388-905 16843:68 | 0°423 
7204°42 31 X 543°334 0°420 
190°093 8150°74 0°456 
3486:20 15 X 543°383 07420 
A, + 42= | 46 X 543°356 
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TABLE XXIII.—Continued. 


Atomic 


Element. weight. dn, 108A, quw?. 3618 + 
Cd 112*3 1170°848 1832133 — 08 
23105756 203 X 90°252 0°646 
541°892 8221°64 — 0408 
10368°54 QI X 907348 0°644 
41+ 4, = |} 49 X 541-50 
Eu 15193 2630°5 2219106 — 0:98 
51223 123 X 180-41 0°68 
1004 7940°57 — 0°94 
18329 22 X 360°93 0°39 
Ai + As = | 333 X 90°485 
Hg 200°3 4630°648 21888-03 — Orols 
87814°99 121 X 180°892 2°12 
1767°01 7478°05 — 1°41 
30002°3 83 < 90°:096 Ils 
A, + Az,=| 54 X 543°816 
Al 27°10 WTS 23884 0-079 
1754 66 x 361°879 1°635 
Ga 69'9 826°10 27715 — 1°87 
13498 77 X 359°93 317 
In 114°8 2212°38 28593°88 — 01147 
37684 79 X 361947 3°32 
Tl 204°04 7792°39 _ 3222362 0263 
134154 89 X 362-063 o18 
Se 44°1 320°80 36714 — 0:086 
7140 203 X 180°857 9:45 
or 6404 gI X 361°89 
He 3°99 1-007 20860 0°35 
33°377. 58 X 361-45 
O 16 3°65 | 6692 — ool 
L713) i asz oo 1507505 5 
2°03 3714°9 1-0 
95 | 41 X 90:20 2 
0°62 148, 
34 | 
S 32:07 17°96 | 1o1g§0'85 0°34 
1044 (20) 6862" Ty : 3 
11-21 | 6329°7 —o46 
651 35 X 180°67 15 
A, +A, =| QI X 18ic1 
| SA 
S) "2 103'70 | TO1g2 2°20 
- 7 6392 | 28 X 364-00 3 (?) 
44°69 | 4303°4 _ 1°81 z 
2737 12 X 36361 3 (?) 
Ay + As | 161 X 90°40 
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results are weighted by the estimated limits given in the last column, 
the method of least squares gives for the value of this constant— 


Group |... ; “ é : . 361-900 
Group Il. . : : ; ; . 361-720 
Group III. . : ; : ; 2 392'°651 
All three groups . : : ; <= 301-300, 5 


Again, if d = 361-890/4 the values of 4 for the first of each sub- 
group may be written— 


ig 8 III. IV. 
Na Cu Mg Zn Se Al S 
185d ~ 50 X 4d 32° 5d4) 31 X60 52 7 38 ne 2 ea 


Moreover, the same multiples of d recur in several elements of the 
same group, for example, 4, + 4, for zinc, cadmium, and mercury, 
and europium are all multiples of 6d, whilst 5d occurs in magnesium,? 
strontium, barium, and radium. 

The evidence would seem to be conclusive that the atomic weight 
term is a multiple of a quantity very close to one-quarter of 361-8 x w?, 
and to this quantity Hicks gives the name “oun.” Summing up 
the whole of the evidence, he concludes that the true value of the 
oun is 90°4725 + 0:0125. 

Hicks proceeds to apply his conception of the oun to the existence 
of what he calls “‘ collaterals’ or lateral displacements by the atomic 
weight term. Thus the first set in doublet or triplet, sharp or 
principal series is always the stronger, and the second, or second and 
third components are considered as having received a displacement by 
A or A, and A,, and are therefore looked on as collaterals of the first. 
This displacement is not confined to the generally recognised series, 
but is of common occurrence and, indeed, depends not only on the 
A but also on other multiples of d. Hicks says that in fact the doublet 
and triplet series with their satellites are only special cases of a law 
of very wide application. In general, the wave-number of a line is 
determined by a formula of the form N/D,? — N/D,,? and lateral 
displacements may be produced by the addition (or subtraction) of 
8, say xd, or x, to D, or D,,. This is indicated by writing xd to the 
left of the symbol of the original line when it is added to D,, and to 
the right when added to D,,. Thus Ca s, (2) has A = 6162-46 and the 
line with A = 6439°36 is a collateral represented by (24, + 104,) Ca s, 
(2) (+ 4)). 


For Ca s, (2) n = N/(1-796470)? — N/(2-484994)2, 
1, A=6439°36, = N/(1-796470+24,+ 104,)*—N/(2-484994+-4,)? 
= N/(1-815732)? — N/(2-486362)2. 


ne does not seem to be correct, as in Table XXIII. the factors are given as 
159 xd. 
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Hicks shows that this principle can be applied extensively, but it is 
hardly necessary to give the details, since there must be some doubt 
as to how far many of his conclusions will be definitely established 
when sufficiently accurate observations have been made. For the 
same reason reference only will be made to his extension of the con- 
ception of the collaterals. He attempts, with some success it is true, 
to associate those lines in the spectrum which do not belong to a 
series with those which form members of the four recognised series. 
He regards each line of a recognised series as being connected with 
other lines in the spectrum by several constant wave-number differ- 
ences or “ links.’’ He further believes that these links may be varied 
in certain definite ways. It is obvious that in a complex spectrum 
the existence of, say, seven links, coupled with the variations in these, 
will lead to many accidental coincidences, but Hicks states that the 
law of probabilities shows that his results are not due to chance. 

Mention may also be made of the fact that Hicks claims in his 
fifth paper to have discovered quite a new type of series. Whereas 
the recognised series are expressed by the difference of two terms 


n= A —N/(m + p+ afm)? 
the new series are expressed by the sum of two terms 

n= A+ N/(m + p-+ alm). 
He gives a series of this type which he has found in xenon, namely, 
the summation of the terms of the fundamental series, and says that 
the existence of these summation series is thoroughly established in 
other cases. 

Reference was made previously on p. 37 to this summation 
principle of Hicks and the overwhelming evidence against it on the 
Bohr theory was advanced in favour of its abandonment. It is of 
some interest now to consider the case of xenon, many of the lines of 
which Hicks explains by this principle. Although the spectrum of 
this element has not been elucidated, we know that it belongs to a 
system which is of an even higher order of complexity than the singlet, 
doublet, triplet, etc., systems with which we have been dealing. To 
this more complex type the spectrum of neon belongs and this has 
been worked out in a most remarkable way by Paschen. As we shall 
see presently the chief characteristic is a considerable number of 
series of constant wave-number differences, very closely situated 
and running parallel to one another. Such a structure can readily 
be shown to lend itself to some of its lines being expressed by sum- 
mation of terms, though of course this by no means justifies the 
use of that principle. I mention this because of the probability 
that the xenon spectrum is analogous to that of neon, and conse- 
quently it would seem that, independently ot the Bohr theory, Hicks’s 
summation theory is unnecessary and unjustified. — 

More recently Hicks! has been able to extend his calculations of 

1 Analysts of Spectra, p. 124. Cambridge University Press, 1922. 
VOL. III. 4 
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the value of the oun for the elements, owing to the increase in accuracy 
of the observed values, which has enabled him in many cases to de- 
termine the series limits very much more closely. He now presents 
the evidence for the reality of the oun by adopting a more accurate 
value of g, tabulating the atomic weights calculated from the spectral 
measures and contrasting them with the observed chemical values. 
In the older method, that of comparing the values of g in each in- 
dividual case, the deduced value of g involved the combined errors 
due to both spectral and chemical measures. He now keeps the two 
uncertainties apart and the spectral atomic weights with estimated 
uncertainties are directly compared with the chemical values and 
their uncertainties. Since g must ultimately depend on chemical 
measures it is determined once and for all in the case of silver, for 
which both the atomic weight and JA are known with great accuracy, 
being 107-88 and 27789-10 respectively. We have, therefore, 


27789:10 = m X qu? 

== 66 X 421-0473 

= 66 X g X (1:0788)? 
and hence = 301-73. 
The uncertainty in this value is 0:05 and therefore Hicks adopts 
361-78 + 0-05 as the standard value for g. Expressed as a change 
in a denominator this is 361-78 x 107 ® or 361-78 X 107? in terms 
of the real atomic ratio to hydrogen. If it is dependent on the funda- 
mental atomic constants it must be a function of e?/hc, and is very 


near to 
aX ate ; 


It must be remembered that the oun is one-quarter of qw® but, in 
view of the fact that qw* occurs so often, it is more convenient to 
tabulate all the results in terms of gw®. For example, the oun of 
lithium is 0-4455 and 4 = 11-58 = 26 X 0-4455 and this is tabulated 
as 63 X 1-782. In Table XXIV. are given the complete results 
obtained by Hicks, the second column containing the values of the 
separations, that is to say v or y, v and vy;+ v9. In the case of 
triplet series the value of gw® is calculated from v, + vy since Hicks 
finds that the middle line of a triplet is slightly displaced. In the 
fifth column are given the values of the atomic weights calculated 


as 

from qw*, which are of course given by 1009) since as before 
17; 

w= A.W./To0. The numbers given in brackets after the values 

represent the estimated uncertainties in the last digits of those values. 


ae in the value of 4 for copper 7307:087(150) represents 7307-087 
+ 0-150. 
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TABLE XXIV. 
S 1 Chemi 
A: mx qu. Baar es oie ae 
He 1-007 33°37 58 X 0°5753 3°985 3°99 
A 179°50 2519 43% 57°59 
75°60 1055-60 184 57-91 
255°10 (100) | 3576-89 62 xX 57°70 (23) 39°94 (8) 39°88 (?) 
Kr 786°45 10969 44 X 24930 
309° 20 4244 17_ x 249°63 
341°16 4680 183 x 249°63 
1095°65 15213°56 61 X 249°40 ; ra : 
1127-61 (70) | 15650-21 622x 249:40 (17) 83°029 (27) | 82-92 (?) 
xX 1777°90 24893°14 40} x 610°87 
815°05 10996:29 18 x 610°89 
2592°95 35889°43 (158) | 58x 610°88 (30) | 129°94 (3) 130°20 (?) 
Nt 5371 72824 40} X 1787-09 
2049 36160 18 x 1786-66 
8020 (1) 104984 582 x 1786-96 (25) 222:247 (15) | 222 to 222°4 
Li 0°338 (2) 11°58 (7) 64x 1°782 (1) 7017 (20) 7°03 
f17-175P 742°37 39 X 19°035 _ 23°088" Vin oecone 
Na | (17-2605 746-03 (25) | 39 x 19°34 (6) 22-999 (4) J op8 Ae) 
K 57°68 (1) 2928-7 (15) 53 X 55°259 (54) | 397082 (12) | 39-097 (3) 
Rb | 237-60 (3) 12937°3 (50) 49 X 264-03 (9) 85-428 (15) | 85-448 (5) 
Cs | 554:00(2) | 32565 (4°6) 51 X 63853 (10) | 132852 (11) | 132-823 (7) 
ou 248-444 (4) 7307°087 (150) | 50 x 146°1419 (30) | 63°5569 (60) | 63°56 (1) 
Ag | 920°443 (5) | 27789°10 (30) | 66 x 421-0473 (45) | 107°88 107-88 
Au =| 3815°56 (2) 1139349 (60) 81 xX 1406-604 (70) | 197:180 (19) | 197-20 (7) 
Mg’”’| 40°67 (7) 848-8 (14) 393 X 21°489 
20°08 (1) 418-6 (2) 19kX 21°467 
60°75 (7) 1267°4 (14) SOpa2i-451,(23) | 24°367 (11) 24°362 (2) 
| 
Mig’ | 9150 (3)S | 1211-0 (5) 56$X 21°53 | 24:39 (4) 
92°45 (3)D | 1223-6(5) = | $7 x 21-47 24°36 (4) 
ya’’’ | 105°883 (10) 2791°58 (75) 48} x 57°857 
52-188 (10) | 137114 (50) | 23x 58340 ‘ 
158-071 (10) 4162°72 (100) | 71#x 58-017 (14) | 40°046 (4) 40°07 
va’ | 222-88 (1) 3951°58 (So) 68 xX 58-112 (15) 40°08 (1) 
rT | 394°22 (2) 11829'0 X 276-703 fa | 
186°83 (3) 5528°7 19} X 279°933 (70) | | 
581-03 (1) 17357°7 (16) 62$X 277°726 (33) | 87:616 (51) | 87-66 (3) 
mt 801°88 (1) 16119°3 (7°4) 58x 277°920 87-645 (190) | 


TABLE XXIV.—Continued. 


cae Spectral 
Vv. A- m X qu". atomic weight. 
Ba’”’ : 29344°0 43. X 682-432 
a 878 14 (6) (25587 se ae 
: ieee 174X 685-311 
37056 (6) | \ 1206237 174 x 689:298 
1248-70 (6) |f 41337°5 (40) 604 x 683° 205 (67) | 137°427 (7) 
aon 41581°5 608 x 684-468 1377548 
Ba” | 1690°93 (3) 38608°3 (180) | 564 x 683-332 (320) | 137°433 (36) 
Ra” | 4857-11 111056 60 x 185093 226-201 
Zn’”’ | 388-894 7204°19 463 x 154°929 
190°097 3486°29 224 X 154°946 
578-991 (10) | 10690-48 (100) | 69 x 154°934 (12) | 65-4413 (20) 
Zn’ | 872°8 (0) 9135 (13) 59 x 154°87 (23) | 65°427 (45) 
Cd’” | 1170°842 (8) 23105°83 502 455:278 
542700 (15) | 10370733 223 x 455°839 
1712°84 (15) | 3347616 (300) | 733% 455° 438 (60) | 112-2023 (80) 
Cd” | 2481-7 (6) 27348 (15) 60 x 455°48 (25) 112-200 (28) 
Eu’” | 2630°30 51226 614.x 832-92 : 
2633°21 51281 614 x 833-83 
1003°87 18321 214x 852:14 
100406 18323 214X 852-25 
3634°17 (16) | 69550 , 83 x 837-92 152-187 oh 
3637-21 (16) 69604 83x 838-60 152-249 (70) 
Eu” | 5342°5 (10) 61207 73, xX 838-45 152°24 (10) 
Hg’’’| 4630°467 87819:08 603 x 1445°581 
1767-279 30008:02 20% X 1463°806 
6397°746 (10) | 117827-11 (10) 814 x 1450°180 (100) | 200-211 (8) 
Al 112-038 (10) 1752:07 (30) 66 X 26°546 (2) 27-088 (2) 
Ga | 826-04 (5) 13540°7 (180) | 77 Xx 175:857 (240) | 69-720 (40) 
In 2212:61 (30) 37687°5 (80) 79 X 477:056 (90) | 114:831 (11) 
Tl | 7792-40 (30) | 134153°46 89 X1507°342 (150) | 204-119 (10) 
Se 321 (?) 6407 (?) 91 X 70°41 (?) 44-114 (?) 
O 3°65 (3) 171'0 18k X 9242 
2°03 (2) 94'1 10} X 9180 
5°68 (3) 26507 28}X 9220 (40) | 15:966 (40) 
S 17°96 (15) 1044 28 X 37°28 
II-21 651 I7$X 37-20 
29°17 (20) 1695 (12) 45%X 37°25 (20) 32°088 (100) 
Se 103°680(150)| 6390 281x 226-16 
44:66 (250) 2736 I2 X 227-08 
148-34 (25) 9126 403 X 227-34 79°270 (280) 
Mn | 173°604 (50) | 3420 31¢X 109-44 
129°263 (50) | 2533 234 X 108-95 
302°864 (50) | 5953°32 54 X 109-235 59°9512 (63) 


Chemical 
atomic weight. 


137°43 (6) 


225° o7 to 
226°4 


65°40 (3) 


1123 (1) 


152:249 


200°3 (3) 
27°10 (5) 
69°9 (3) 

114°8 (5) 

204°04 (5) 
44°1 (5) 


16 


32:07 (?) 


79°2 (?) 
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There is no question but that the results now obtained by Hicks are 
extraordinarily accurate and that the hesitation in accepting this 
remarkable generalisation expressed previously must disappear, since 
it is obvious that the use of more accurate values for spectroscopic 
measures has materially improved the results. 

It may be regarded as established that the oun enters definitely 
as a discrete quantity in the constitution of the spectra of an element, 
and in each case it is deducible from the data of the spectrum itself. 
The result is independent of the definite relation to the square of 
the atomic weight, although this relation was the means through 
which its existence was first discovered. The above table would 
seem to afford conclusive evidence in favour of this relation, neverthe- 
less it involves the difficulty arising from the existence of isotopes. 
This difficulty arises in two ways; (1) if an ‘‘element”’ contains 
two or more isotopes always in the same proportion, the chemical 
atomic weight is the proportional mean of those of the isotopes, 
and an oun depending on that atomic weight would be meaningless ; 
(2) if an element consisted of several isotopes we should expect its 
spectrum to be composed of lines belonging to each isotope. There 
is no doubt that the work of Hénigschmid, Soddy, and others has 
definitely established the existence of isotopes in the case of lead. 
Moreover, there is also found agreement between the spectra of ordinary 
lead and those of radioactive origin. Small differences in wave-lengths 
have, however, been found for five of the lines of lead by Merton,! 
who found for the wave-number differences of ordinary lead over 
radium lead the following values given in Table X XV. :—* 


TABLE XXV. 


A. An. 
4058 0°065 + 0005 
3740 0:053 + 0:008 
3684 0035 + 0:005 
3640 0:052 + 0-002 
3573 0:037 + 0-004 


These are definite facts. How can they be squared with the other 
fact, namely, that the spectra so far analysed depend directly on 
the oun, itself depending on the atomic weight? Unfortunately 
the question cannot be dealt with directly, since no series have as 
yet been discovered for lead, nor has the oun been determined. In 
spite, however, of its incompleteness, the evidence points provisionally 
to practical equality in all the isotopes belonging to the same atomic 
number. If so, there must be some explanation for the two apparently 
irreconcilable facts. Hicks suggests the possibility that, of the dif- 
ferent isotopes, one only is of normal type and that it alone is capable 
of emitting a spectrum, and that half helium atoms or hydrogen must 
be added or rejected in the others during the excitation before they 


can emit radiant energy. 


1 Proc. Roy. Soc., A, 100, 84 (1921). 2 See also vol. ii., p. 230. 
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The evidence for the dependence of the oun on the square of 
the atomic weight would seem so remarkable as to exclude the sup- 
position of any other relation. The difficulty would be avoided if 
it could be shown that the oun depended on the square of the atomic 
number. The weight relation is so closely followed and so many 
regularities are brought out where the quantity in question is 4 ouns 
that this is scarcely probable. Nevertheless the question is so im- 
portant that it is desirable to test the data on this point. IE it 1s 
found impossible, the impossibility of making the data fit will greatly 
add to the confidence felt in the positive result for the atomic weight. 
In making the calculations Hicks deals with the numbers 22/100 = n, 
where zg is the atomic number. He points out that the results obtained 
show that the atomic number does not fit in with the conditions, that 
is to say, the evidence is definitely against the view that J is propor- 
tional to the square of the atomic number. Until further information 
is available the discussion of the difficulty raised by the existence of 
isotopes cannot be continued, and the matter for the present must 
remain sub judice. 

The Relations Between the Spectra of the Elements of one 
Family.—Many attempts have been made from time to time to cor- 
relate the spectra of the elements which belong to one family of the 
periodic table, and it must be confessed that very small success has 
attended these efforts. Certain facts were pointed out by Kayser 
and Runge, and one of the most important is that in the case of the 
elements of the same family the constant wave-number differences 
of the pairs or the triplets are very nearly proportional to the squares 
of the atomic weights. In order to show this we may, with Rydberg,! 
1000r, 

p2 
XXVI. contains the results. 


compare the values of , where P is the atomic weight; Table 


TABLE XXVI. 


Na = 23°06 Mg = 24°38 Al = 27°08 O= 16 
Vy 17°19 40°91 112-02 3°70 
108y 
Pp Bz 68:8 152°8 14°5 
K = 39°14 Ca = 4000 Ga = 69°9 S = 32°06 
V4 57°85 105°82 823°6 18-15 
10%y, 7 Ce 
7 37°8 66:1 108-6 ey 
Rb = 85°44 Sr = 87°52 In = 11374 Se = 79'07 
Vy 235°98 394:22 2212°54 103°7 
10%y, ay 
pz 32°3 S15 172°] 16°6 
Cs = 13288 Ba = 137°04 Tl = 204'15 
"y 553°87 878°5 7792°63 
10%y, 
p2 31°6 46'8 187'0 


‘ International Reports, 2, 217 (Paris, 1900). 
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Another interesting point Rydberg mentions in the same paper 


; fae Lv 

is, that if all the values of the expression pe are plotted against 
the atomic weights P, a periodic curve is obtained and also an identically 
shaped periodic curve is obtained if the values of the common con- 


vergence limits of the first and second subordinate series are plotted 
‘ vo OF, 
instead of the expression oar 

Ritz? has shown that much closer values than the above are 


5 nyaug 1000: ; — 
obtained if in place of eae we introduce aah, the discrepancies 


which still remain are probably due in part to the incompleteness 
of the series equations, but more especially to the fact that (a, — 7)* 
is neglected, which is certainly not admissible in the case of aluminium, 


indium, and thallium. The values of fe given by Ritz are set 
fourth in Table XXVII. 
TABLE XXVIII. 


Sodium . c , : Ace Rubidium : é “ . 18:0 
Copper . ¢ : : . 186 Magnesium . : : om tAc0 
Strontium : 6 : ee So Cadmium : : : < 186 
Aluminium. : 6 2 24°38 Thallium : ; : See aay, 
Potassium , P ‘ © 8:9 Cesium : : ‘ 1 ar8:6 
Silver. : ; A § Gp Calcium ‘ ; . See AY 
ZC : é : She Mercury é : : ce BPR! 
Indium : : : «29S Helium : . : ezow 


Ramage? has published two papers on this subject, in the first 
of which he discusses the relations of the spectra, densities, and melting- 
points to atomic mass. Ramage carefully selects the lines which 
correspond in the spectra of analogous elements, that is to say, lines 
which have the same value of m in the equations to the series; the 
wave-numbers of these lines are then plotted against the squares 
of the atomic masses. When the corresponding points are joined 
together by lines, it will be found that these lines are mostly 
straight ; there are, however, breaks in certain places, e.g. between 
sodium and potassium, and between magnesium and zinc. The 
diagram shows very clearly what was stated above, that » varies with 
the square of the atomic weight ; the lines connecting the correspond- 
ing members of homologous triplets and doublets intersect on the line 
of zero atomic mass. 

Ramage gives an equation based on that deduced by Rydberg, 
by which can be calculated the wave-numbers of the principal series 
of potassium, rubidium, and cesium; in Rydberg’s equation he 
puts 

Mo + 35349 — 0:2233W?, 


1 Phys, Zettsch., 9, 521 (1908). 
2 Proc. Roy. Soc., '70, 1, and 303 (1902). 
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where W is the atomic weight and 

pw = {1-19126 + 0-:00103W + (0:04377 + 13W? x ro *)(F 31) 
The last factor (1 — 3!~™) is inserted to correct for a small variation 
in p, which, he considers, occurs throughout the series. The wave- 
numbers obtained with this formula agree very closely with the ob- 
served values. In his second paper, Ramage gives similar equations 
for the subordinate series of these metals ; the two convergence points 
of the first subordinate series are obtained from the equation 


No = 22830 — 21:633W + = 


where W is the atomic weight and A is the average distance between 
the doublets. This distance he takes to be 57-8, 236-4, and 547-6 
for potassium, rubidium, and cesium respectively. The wave- 
numbers of the lines of the series can be obtained from the equation 
of Rydberg by putting p = 0-7869 — (1466W? x 107 8); the results 
calculated in this way are very near the observed values. For the 
second subordinate series Ramage finds 
Ny = 22850 — 21°812W + 2 
and pt = 0°7990 + 7784W? X I07 9, 


where B = 57:8, 238-0, and 553:6 for potassium, rubidium, and 
cesium, respectively. The values of the convergence limits of the 
two series as obtained by Ramage with the various methods are 
compared in Table XXVIII. 


TABLE XXVIII. 


From above formule. By cal- From 
culation formula ’ 
Element. from for yee St 
First Second Mean of observed | principal Be 
series series. two series. lines. series. 


f mean. 
“Potassium (1)| 21953-9 | 21968-0 | 21960:95 21960 21969°4 | 21955:46 

2», 2 220117 | 22025°8 | 22018:75 22018 22024°3 | 22013731 
Rubidium (1)| 208618 | 20868-3 | 20865:65 | 20865 | 20868-6 | 20869:15 


» (2)| 21098-2 | 21106°3 | 2110225 22101 21112°3 | 21098-83 
Cesium (1}| 19677-2 | 19674:2 | 19675-7 19672 19686-7 — 
.; (2)| 20224°8 | 20228:0 | 20226-4 20226 20234°2 — 


The numbers in the sixth column were obtained by the Rydberg- 
Schuster law, which connects the principal and subordinate series. 
Marshall Watts? has drawn attention to interesting relation- 
ships between the spectra of analogous metals and the squares of 
their atomic weights. He finds that there are two distinct kinds of 


1 Paris Reports, 2, 212 (1900). * Phil. Mag’., 5, 203 (1903). 
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connection between the spectra of allied elements. In one class, to 
which zinc, cadmium, and mercury, and gallium and indium belong, 
the differences between the wave-numbers of certain lines of the one 
element are to. the differences between the wave-numbers of the 
corresponding lines of the other element as the squares of their atomic 
weights. It is thus possible to calculate the atomic weight of one 
element from the atomic weight of another of the same family by 
means of their spectra. In the other class of cases to which the 
alkali metals and those of the alkaline earths belong, the element of 
greater atomic weight has the smaller wave-number; three elements 
are so related that the wave-number differences between the elements, 
in comparing corresponding lines in their spectra, are proportional to 
the differences between the squares of the atomic weights. It is 
thus possible in this case to calculate the atomic weight of one element 
from the atomic weights of two other elements in the same series. 

An example may be given from the two classes in order to show 
the accuracy. 

Example 1.—Determination of the atomic weight of zinc (64-9) 
from that of cadmium (111-83). 

The following are the wave-numbers of the lines assumed to 


correspond :— 


Cadmium. Zine. 
(a) 306544 10r 32500-0 8) 
(b) 307349 8b 32540°1 107 
(c) 31905:5 8b 32928-7 10b 
(d) 32446:8 6b 33118-6 8b 
(e)  36023-7 6b 34310°8 4 
Rf) 3733450 Ss 34791°3 6 
(g) 38851-1 4 352857, 8 
(h) 39280°5 2n 35408-9 «6 
(7) 43690°5 or 36934:7, 6 
(7) 44086-7. 4r 370592 2b 
(k) 44630:°0 6r 37242:2 8b 
(1) 455506 I 37548:1 8 


From these numbers we get for the atomic weight of zinc by com- 
bining 


(a) and (c) 65-44 
(a) ,, (d) 65-69 
(a) ,, (f) 65-48 
(a) ” (g) 65°17 
(a) ” (i) 64:93 
(a) ,, (2) 65:28 
(a) ” (7) 65°15 
(a) ,, (R) 65-12 
(ay iy. (2) 05+16 
(b) ,, (e) 64:69 
(c) ,, (¢) 64:77, and so on. 
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Cadmium. Zine. 
(m) 19655°8 Lor 21170:0 10r 
(n)  20826-7 1or 215916 8b 
(0) 28840-2 1or 24371°4 2 
(Pp) 303019 = 4 248697 4 
(m) and (n) 67-08 
(1) ” (2) 65°38 
(n) ,, (p) 5°76 
Cadmium. Zinc. 
(q)  27669-1 8r 29885: 1or 
(7) 20370-4 1or 30456-0 8r 


(q) and (r) give 64°78 for the atomic weight of zinc. 

Example 2.—From the atomic weight of cesium, 132-7, and that 
of potassium to calculate the atomic weight of rubidium (85:2). 

The following lines are assumed to correspond :— 


Cesium, Rubidium. Potassium, 
(a) 12469 6 13742 4 14465 7 
(b) 21764 O67 23714 Or 24700 6r 
(c) 21945 8 23791 8r 24719 8r 
(d) 25707 4r 27833 47 28998 6r 
(e) 25787 Or 27868 6r 29006 8r 
(f) 27638 2r 29832 27 31008 47 
(g) 27678 4r 29852 4r 31073 6r 

(a) gives 86:87 

(0) ” 83°24 

(c) ” 83-11 

(d) ” 84°51 

(ec) 3, 84-93 

Ty) Oerse 

() i pe Obeaa 


Runge and Precht! determined the atomic weight of radium by 
comparing the constant wave-number difference of the pairs in the 
first and second subordinate series with those in the cases of mag- 
nesium, calcium, strontium, and barium. It has been stated before 
that this constant wave-number difference, which is the same as in the 
first pair of the principal series, is proportional to the squares of the 
atomic weights of the elements in one family. This, however, according 
to Runge and Precht, is not strictly true, but the atomic weight is 
proportional to a power of the wave-number difference, or the loga- 
rithms of the atomic weights are a linear function of the logarithms of 
the wave-number differences. Now, radium belongs to the same 
family as magnesium, calcium, strontium, and barium, whose constant 


1 Phys. Zeitsch., 4, 285 (1903). 
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wave-number differences are 9:17, 223, 801, and 1691 respectively. 
On plotting the logarithms of these numbers against the logarithms 
of the atomic weights, a straight line was drawn through the points 
and extrapolated to find the atomic weight of radium, taking its 
wave-number difference as 4858-6. The atomic weight in this way 
was found to be 257°8. Against this, however, is the experimentally 
determined number 226, which is known to be very close to the truth. 

On the other hand, Marshall Watts? has drawn the curves for 
four different families, and finds that the lines are not straight but 
are slightly curved; the effect of this curvature being especially 
noticeable in the case of the elements of the highest atomic weight. 
From the curve of the alkaline earths he has calculated an interpolation 
formula which gives the atomic weights as follows: Magnesium, 
24°52; calcium, 40:08; strontium, 87°62; barium, 137-41; and 
radium, 226-56, from which latter number it may be concluded that 
the spectrum data are quite consistent with the atomic weight found 
for radium by chemical methods. 

Since from the point of view of series spectra the atomic numbers 
have a greater importance than the atomic weights, various attempts 
have been made to prove a connection between these and doublet 
or triplet separations. For example, Ives and Stuhlmann? found 
that slightly better results were obtained if atomic numbers were 
used in place of atomic weights in Runge and Precht’s method of 
correlation. Once again, however, was an incorrect value obtained 
for radium, since the atomic number was calculated to be 96, the true 
value being 88. Anslow and Howell ® plotted the logarithms of the 
wave-number differences between the extreme members of the triplets 
of the same group against the logarithms of the atomic numbers and 
obtained a straight line. In the case of the calcium group this indi- 
cated 87 as the atomic number of radium. 

It may be concluded that there is no satisfactory correlation 
between spectra and atomic weights or atomic numbers for members 
of the same family. Indeed, the only relation of any value which 
has been established is that of Hicks, but the physical significance 
of this is very obscure. As will be shown later there is a much closer 
connection between the enhanced spectra of an element and the arc 
spectra of those elements which precede it in descending order of 
atomic numbers, a connection predicted by Kossel and Sommerfeld 
in their law of spectroscopic displacement. 

Nicholson’s Development of the Rydberg Formula.—An in- 
teresting paper has been published by Nicholson,* in which he dis- 
cusses the relative merits of the formule of Rydberg, Ritz, and 
Hicks. He points out that the various formule, in particular those 
of Ritz and Hicks, fit the wave-lengths almost equally well, and all 
demonstrate at least the approximate truth of two fundamental 


1 Phil, Mag., 18, 411 (1909). 2 Phys. Rev., 5, 308 (1915). 
3 Proc. Nat. Acad. Sct., Washington, 3, 409 (1917). 
4 Proc. Roy. Soc., A, 91, 255 (1915). 
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results, namely, (1) that the diffuse and sharp series have the same 
limits, and (2) the Rydberg-Schuster law. Then there is further the 
question as to the fixed value of Rydberg’s constant. Hicks, basing 
his evidence on the earlier measurements of helium, concluded that 
the last is not the same for helium and hydrogen. 

The general formula for any series is 


n= A —N](Dm)? 
where D=m+p+alm. ; >. hicks (93 
D=m+pz-+ B/m? : - Ritz 


In general the results given by (1) are superior to those given by 
(2), but as shown on p. 26 the formula on which Ritz relied is of 


the form 
n=A—Niimtpt+alA—n)P.  .  . (3) 


so that the superiority of (1) over (2) is not a conclusive test of the 
Ritz formula. 

In the first place, Nicholson devises a method for the accurate 
determination of the limits of series and for this purpose he uses 
the formule for helium given by Hicks.t In the case of the diffuse 
series (more refrangible component) the formula is 


N = 29222:595 — 109689-2/(m + 0-996347 + 0:002200/m)? 
and hence these lines can be represented by 
n= A —N/(m +1 + 8)?, 


where 6 never exceeds 0-004. If this be expanded we have 


cn = N 2 ese 307 
n=A— Gaal mt ae ae 


The fourth term of this very convergent series is 3N8?/(m + 1)4, and 
since N is about 10°, it cannot exceed 3 X 105 X 16 X 1078 x 374 
= 0:06, when m= 2. For all lines beyond m = 3 it cannot exceed 
0-007, so that for all these lines we may put 


n= A —N/(m + 1)? + 2N8/(m + 1)8, 
or (m + 1)82 = A(m + 1)8 — N(m-+ 1) + 2N8 
(m -+ 2)§n = A(m + 2)8 — N(m + 2) + 2N8 
(m + 3)8u = A(m + 3) — N(m + 3) + 2N8 

“| ie: (m+ 2) tas — Gy 
(m + 2)3 — (m + 1)8 : 


If N were known, this formula would permit a determination of the 
limit of the series from any pair of consecutive lines. Although the 
exact value of N is one of the objects of the investigation, yet we know 
both on the definite theory of Bohr and on Hicks’s calculations that 


1 Phil. Trans., A, 210, 102 (1911). 
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it cannot differ from Curtis’ value for hydrogen. We may therefore 
put 


N = 109679-22 + dN, 


where dN has a small unknown magnitude.1 
From the Hicks formula for the sharp series of helium, 


N == 29222696 — 109719-6/(m + 0:705092 — 0-013408/m)?, 
using the same methods as above, Nicholson finds for all lines above 
m = 3 

Ages (m bis 1:7) 8m 41 = (m 0:7) Eas 
(0-7/2 = (me 077)? ; 
Similarly from Hicks’s formula for the principal series he finds for all 
lines above m = 2 
As (m ate 2°93)?tm +27 ~ (m ails 1:03) 3m 41 nae 
(m ++ 2-93)? — (m + 1-93) 


From these three equations Nicholson calculates the three limits and 
obtains the following mean values :— 


A = 29223-776 + 0:004416dN (diffuse), 
A’ = 29223-780 + 0:00468dN’ (sharp), 
A” = 38454:943 + 0:00622dN”’ (principal). 


If Curtis’ value for N be used, or if N is an absolute constant for arc 
spectra, dN = dN’ + dN” and A = A’ with extraordinary accuracy, 
so that the sharp and diffuse limits are identical. By the Rydberg- 
Schuster law 


P(t) = 38454-943 — 29223-780 = 9231-163, 

the measured value being 9231-198. The agreement is almost exact, 
and the fact that both laws are fulfilled so exactly is a convincing 
argument for a belief in both and in Curtis’ value of N being true 
for helium. It may be pointed out that Hicks’s formule for the sharp 
and diffuse series gave a difference of 0-1 between the limits for the 
two series. 

Nicholson next investigates the best form of the function D,,? 
in the general equation 


n = A — N/D,,. 


Taking first the sharp series he calculates the value of dN and using 
the Hicks formula (1), in which 


D=m+p+a/m, 
he finds that dN = 194-3, which is too large. With the Ritz approxi- 


mate formula dN = — 255-2, which confirms previous experience as 


1 This is the value given by Curtis in his first paper. His later value, given on 
p. 39, is 109678°3. 
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regards the superiority of the Hicks formula. On the other hand, the 
proper Ritz formula gives dN = 86-7, which is nearer the accepted 
limits of variation in N. This formula, therefore, is superior to the 
previous two, which must modify the statement made by Hicks that 
his formula is superior to that of Ritz, in view of the fact that he 
did not test the proper Ritz formula. 

Nicholson then tries formule with three constants, and he first 
takes the Hicks formula with another term, 


D=m+p-+ alm + p/m’, 


and finds that dN is then 165-8 and that, with the addition of yet 
another term, y/m’, dN = 20-4. Clearly, therefore, with the Hicks 
formula and more constants dN is converging to a small value, but the 
convergence is slow and the number of constants already contained 
indicates that the formula is not of the best type. 

On the other hand, Rydberg suggested that D,,? is a function of 
m -+- p and the more probable type is, therefore, 


Dp = m+ p+ al(m + p) + B/(m + p), 


and using this formula Nicholson finds that dN = — 2:38. The value 
of pz is 0-700056 and consequently it seems clear that pw is converging 
to 0-7 while dN is converging to zero. 

Since he obtains the same result, namely, that dN = 0, by applying 
the Rydberg formula to the diffuse and principal series of helium, 
Nicholson finally concludes that 

1. N is an absolute constant for hydrogen, helium, and all arc 

spectra and has the Curtis value 109678:3. 
2. The helium series can best be expressed by an extension of the 
Rydberg formula— 


n=A—Nilm+ pw tal(m+ p) + Blm+w?+.. J 


3. The Rydberg-Schuster law is exact for helium. 

This conclusion would seem to be of considerable importance and 
the accurate representation of the helium lines by the extension of 
Rydberg’s formula is of great interest, since it undoubtedly suggests 
that this formula is of the right type. Again, his method of calcu- 
lating the convergence limit gives a more definite proof of the validity 
of the Rydberg-Schuster law than had previously been obtained. 
With regard to the conclusion that N is an absolute constant for the 
arc spectra of hydrogen and helium, this does not agree with Bohr’s 
theory, since this leads to a small change in N with increase in the 
atomic weight, a change which has been experimentally found by 
Fowler in his work on the enhanced line series of helium, and later 
confirmed in the case of other elements. 

After the foregoing account of work on spectral series, which may 
be looked upon as preliminary, we may next turn to the Bohr theory 
and its consequences. All that we have done at present is to review 
the general principles of series architecture in its simplest form, and 
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at the same time to discuss the three series formule put forward 
by Rydberg, Ritz, and Hicks. The discussion of these formule 
was a necessity, for the Bohr theory has not as yet given a true 
physical formula except in the case of the hydrogen spectrum and the 
enhanced spectrum of helium. Consequently, in any work on the 
apportionment of lines to their series one of these three formulae 
must still be used. 

The Bohr Theory.—In secking for an explanation of the fact 
that the emission spectra of atoms consist of discrete radiations and 
that the wave-numbers of these can, at any rate in the case of the 
elements of low atomic weight, be expressed by simple formule such 
as those of Rydberg and Ritz, Bohr took as the basis of his calculations 
the structure of the atom proposed by Rutherford. According to 
this conception an elementary atom consists of a positively charged 
nucleus with a number of electrons revolving in closed orbits round 
it, the number of the electrons being sufficient to neutralise the 
positive charge on the nucleus. Rutherford calculated that the 
positive charge on the nucleus corresponded to a number of electrons 
which is equal to about half the atomic weight, and so it is assumed 
that the number of electrons is equal to the atomic number. 

The hydrogen atom may be assumed to consist of one electron 
revolving round a nucleus of equal and opposite charge, the mass of 
the nucleus being very large compared with that of the electron. 
Bohr points out that, if at the outset the mass of the nucleus be 
assumed to be infinitely large compared with that of the electron, 
and if for the moment the energy radiation be disregarded which will, 
according to the ordinary laws of electrodynamics, accompany the 
accelerated motion of the electron, the orbit of the electron in ac- 
cordance with Kepler’s first law will be an ellipse with the nucleus 
in one of the foci. If w be the frequency of revolution, 2a be the 
major axis of the ellipse, e the charge on the electron, m its mass, and 
W the work which must be added in order to remove the electron to 
an infinite distance from the nucleus, then 

2 to) ~ e 
Of = i, 8d 24 , : NT 

The frequency of revolution and the length of the major axis, 
therefore, only depend on W and are independent of the eccentricity, 
and hence by changing W all possible values for w and 2a may be 
obtained. It is obvious, however, from the fact.that the system is 
characterised by a spectrum of lines that the orbit of the electron 
cannot possibly take on all values. Again, any attempt to explain 
the radiation of energy by the system according to the ordinary laws 
of electrodynamics will only make matters worse, since any loss of 
energy will increase W and by the above equations @ will increase and 
2a decrease. There is no reason why this process should stop until 
the nucleus and electron approach one another so closely that they 
no longer attract one another. 
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It is, therefore, impossible to make any headway with the Ruther- 
ford atomic model as long as the classical laws of electrodynamics 
only are applied. As is well known a similar conclusion was arrived 
at from the study of temperature radiation, and the difficulties were 
surmounted by Planck who made the new assumption that a system 
of oscillating electrically charged particles do not radiate nor absorb 
energy continuously, but discontinuously. Briefly, the new assump- 
tion means that at any moment the system contains an amount of 
energy which is always equal to an integral multiple of a definite 
quantum of energy, hv, where h is a constant (known as Planck’s 
constant) and vy is the oscillation frequency of the system. Any 
gain or loss of energy by the system will therefore be equal to one 
or more quanta characteristic of that system. The question arises 
as to whether the difficulties found with the Rutherford atomic 
model can be surmounted by the application of the Planck concept 
of energy quanta. 

It is evident that the Planck theory cannot be applied directly, 
since it deals with the absorption and radiation of energy by a system 
of electrical particles having a definite oscillation frequency, which 
depends only on the nature of the system and is independent of the 
energy content. In the case of the Rutherford model, on the other 
hand, equations (1) show that the frequency of revolution w depends 
on the energy of the system. We can, however, make use of the 
Planck concept of the energy quantum and assume that when an 
element exhibits a spectral line of frequency v one of the atoms can 
radiate a single energy quantum hy. Further, the energy content 
of the atom is decreased, and, if E, and E, are the energy contents 
before and after the energy radiation, we have 


hy = EF, — E, 
and v= E,/h — E,fh : : : See} 
Bohr calls the energy conditions represented by E, and EF, stationary 
states, indicating thereby that they form waiting places between 


which occurs the emission of the energy corresponding to the spectral 
lines. The Ritz combination principle (see p. 27) can be written 


in the form 

1/A = F,(n) — F,(n’) . ; : eek 
where and n’ are whole numbers and F,,(7) and F,,(n’) are series 
of functions of m which may be written approximately 

F,() = N/(n + a)*, 


where N is Rydberg’s constant and a is a constant which differs for 
the different functions. Since » = v/A, where v is the velocity of 
light, we have 


v = oF ,(n) — oF, (n’) . : : ky 


Comparing (2) and (3’) a spectral line may be regarded as being 
emitted by the transition of an atom between two stationary states 
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in which the energy, apart from an additive arbitrary constant, 
is given by — unF,,(n) and — vhF,(n’), respectively. The negative 
sign is used because the energy of the atom is most simply charac- 
terised by the work required to remove the electron completely 
from the atom. On this interpretation the combination principle 
states that a series of stationary states exists for a given system, 
and that in passing from one to any other of these states the system 
radiates a monochromatic radiation. 

Bohr next applies the above conception to the case of the hydrogen 
atom. The spectral lines are given (see p. 20) by the general formula 


I I 


eS Grcga) 
or v= oN(- 73) es @ Cae 


nen? 
The spectral lines have been assumed to be given by the transitions 
between a series of stationary states, and the energy of the system 
in the nth state, apart from an additive constant, is given by —Nhv/n?. 
It may be assumed that in calculating the frequency of revolution 
of the electron the formula (1) may be used and if for the mth 
stationary state we put W = Nhv/n? we have 
2, INth8p* n*e 

Wn? =—=.—4z—q and 2a,= TN ‘ ao ahi 
From the general equation (4) the frequency of the radiation when 
the system passes from the (z+ 1)th state to the nth stationary 
state is 


I I 
aay ete ses, 
arse (53 (n+ a 
and if m is very large v = 2vN/n° approximately. This frequency 
may be put equal to the frequency of revolution and so we have 


Wy = 2UN/n8 : s : . (6) 
Introducing this value of w, into equation (5) it will be seen that 
n disappears and the equation is only satisfied when 


2ne4m - 
N = ons . . . . (7) 


Now the value of N is accurately known for hydrogen and has the 
value 109678-3 when wave-numbers are used, and if we take Millikan’s 
values, , 

€= 4774 X 10> %, 

h = 6545 X 107*, 
élm == 1:767-% 10%. 
The value of N is found from (7) to be 3:292 X to” for oscillation 
frequencies, or 1:0978 < 10° for wave-numbers, which is remarkably 
close to the known value. 
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This agreement clearly gives a close connection between the 
spectrum and the Rutherford atomic model of hydrogen. Moreover, 
the line spectrum of hydrogen should contain no other lines than those 
given by the formula 


N N 
1/A = n ~ y/?) 


and consequently considerable doubt was thrown on the authenticity 
of the lines discovered by Pickering and calculated by Rydberg as 
hydrogen lines. Bohr pointed out that these lines can be explained 
in another way, on the supposition that they are due not to hydrogen, 
but to some other simple system consisting of a single electron re- 
volving round a nucleus having a charge xe. The expression for w 
in (1) becomes 
ene We 
— xetm 

and the system will emit a spectrum, the wave-numbers of the lines 
being given by : 


272x2e4m / I I I I 
Heats Geom) “(a ae 
Gi) 


\ 


A comparison of this formula with those for the Pickering and 
Rydberg series shows that the lines can be explained, if it be assumed 
that they are due to an electron revolving round a nucleus having 
a charge 2e, or according to Rutherford’s theory round a nucleus 
of a helium atom. It follows therefore that these series can be 
combined in a general formula— 


1/A = 4N(1/n? — 1/n’). 


It must be remembered that in the hydrogen spectrum the emission of 
spectral radiations is due to the changes in the orbit of the single 
electron in revolution round the nucleus with charge e. In the case 
of the helium atom the nuclear charge of 2e means that both electrons 
have been displaced and only one of these moves to different orbits 
on its return. We have, therefore, two types of spectral series for 
helium, one of which is expressed by a formula involving N and the 
other by a formula involving 4N. The second type is usually denoted 
as the spectrum of ionised helium or Het. 

From his measurements Fowler found the ratio of N for ionised 
helium and hydrogen to be 4-001638, which differs from 4 by an amount 
too large to be accounted for by experimental error. In all the 
preceding it has been assumed that the mass of the nucleus is in- 
finitely large compared with that of the electron, but this is of course 
not true. Fora hydrogen atom the ratio M/m is 1845 and for helium 
it is about 7261-5. Bohr shows that if the ratio of the masses of 


nucleus and electron is M/m the value of N will be Nn + 
Mm 
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From this it follows that the ratio of N for ionised helium to N for 


hydrogen is 
4Mye(Mu + m) 
My(Mue + ™) 
which is exceedingly close to Fowler’s observed value. 

The applicability of the general formula (8) to ionised elements 
has more recently been established by Fowler, and this will be dis- 
cussed below when the series of enhanced lines are dealt with, 

According to Bohr’s theory the value of N will be different for 
different elements and if N, be the value of N when M/m= cx, 
then in the case of an element having an atomic weight of A we will 
have 


= 4:001626 


The value of N for hydrogen has been found by Curtis 1 to be 109768-3 
and consequently for neutral helium N = 1097229, for lithium N = 
109729:25, whilst N, = 109737:7. Birge,” basing his calculations 
on the fine line structure has found the value of N for hydrogen to 
be 1096777 + 0-2 and N,, to be 1097369 + 0:2. For the spectra of 
elements of greater atomic weight than helium the exact value of N 
is of less importance, since the series formule used in expressing the 
series are only approximate. 

There is no doubt that the Bohr theory offers a physical explana- 
tion of the existence of spectral series and that in the two simplest 
cases, namely, those of hydrogen and ionised helium, the wave-numbers 
of the various series are given by the general formula 


2m2x7e4m / I I I I 
1/A= roe (e—sa = AN — 2 
vh n n n n 


where xe is the charge on the nucleus, m is an integer, and x’ = » + 1, 
n+2, n+ 3, etc. The limits of the series are given by n’ =o. 
For the more complex spectra ” and v’ are no longer integers and we 
have the general formula of the type 


| I 


I 2 4 rT : “ 8 
eden’, ence Nota? wa] 7 


using Rydberg’s formula as the simplest. 

Attention may be drawn to the confirmation which this theory 
gives of the main contentions upheld by Rydberg in putting forward 
his theory. In the first place, we find complete justification for 
his conviction that N is a universal constant for all elements, the 
minor variations calculated by Bohr being of relatively small impor- 
tance. In the second place, the essential basis of his theory was that 
the wave-numbers of the lines in a given series are given by the 


1 Proc, Roy. Soc., A, 90, 605 (1914) ; 96, 147 (1919). See also p. 39. 
2 Phys, Rev., 17, 589 (1921). 
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differences between a constant term (the limit of the series) and a term 
which varies by adding consecutive integers to m in the expression 
N/(n + p)?. In the third place, we have the Rydberg-Schuster law. 
Although we now know that in actual fact a series is expressed more 
closely by the Ritz and Hicks formule than by the Rydberg formula, 
this in no way detracts from the brilliance of Rydberg’s pioneer work. 

The Bohr theory suggests a very instructive method of plotting 
spectral series which gives a diagrammatic scheme of the various 
electron orbits and was employed by Fowler.1. The method may be 
illustrated by hydrogen for which the general equation for wave- 


numbers is 
I I 
1=N(a— 7) 


where 2 and n’ are integers. The values of N/1?, N/2?, N/3?, etc., 
are calculated and their logarithms are plotted on a linear scale, 
the logarithms being used in place of the numbers in order to obtain 


m=987 6 & 4 3 S 7 


3-0 4-0 5:0 
Fic. 2. f 
(From Fowler's ‘‘ Report on Series in Line Spectra.’’ Fleetway Press.) 
a better spacing. The values with N = 109768:3 are given in Table 
DOXIX. 
TABLE XD 


N N 

Mm. rae log rhe 
I 109678:3 5°0401207 
2 27419°6 44380607 
3 12185:9 4:0858581 
4 68549 3°8360007 
5 4387°2 3°6421807 
6 3046°6 3°4838181 
7 2238°3 3°3499247 
8 1713°7 3°2339407 
9 13541 3°1316357 

10 1097°7 3°0401 207 


The numbers in the third column are plotted on a linear scale as 
shown in Fig. 2. The lines may be taken as representing the non- 
radiating orbits, the line 1 being the innermost orbit and the nucleus 
being situated somewhere on the right-hand side of the diagram. A 
spectrum line is radiated when an electron in one of the orbits on the 


1 Report on Series in Line Spectra, p. 66. 
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left falls on one of the orbits on the right, and the wave-number 
of the line is given by the difference between the values of N/n? for 
the two orbits. Thus, the Balmer series is given by the return of 
the electron, which has been displaced by the action of the discharge, 
to orbit 2. The first line of the series (AX = 6562-79) is produced 
when the electron, having been displaced to orbit 3, returns to orbit 2, 
the wave-number being 27419-6 — 12185-9 = 17233-7.. The second 
line is given by the return of the electron from orbit 4 to orbit 2, 
and so on, the limit of the series being given by the return of the 
electron from infinite distance to orbit 2. Other possibilities are 
given by the return of the electron from orbits 2, 3, 4, etc., to orbit 1, 
which gives the Lyman series in the very short wave ultra-violet, 
and by the return of the electron from orbits 4, 5, etc., to orbit 3, two 
lines of which have been observed in the infra-red. The limits of 
these two series, given by the return of the electron from infinity, 
are m = 109768-3 and 12185-9 or A = 911-76 and 8206-2 respectively. 

The value of this method of plotting is well shown by the case 
of sodium where there are four series, namely, the principal, sharp, 
diffuse, and fundamental. The series formula used in expressing the 
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(From Fowler's ‘‘ Report on Series in Line Spectra." Fleetway Press.) 


wave-numbers is that of Hicks (see p. 40), 1/A = A — N/(m +p-+a/m)?, 
and the values of the variable terms of the four series are given in 
Table XXX., it being remembered that the principal series consists 
of doublets with decreasing differences in wave-numbers, whilst the 
sharp and diffuse series consist of doublets with constant wave- 
number difference. 

The logarithms of these values plotted on a linear scale are shown 
in Fig. 3, the different series being indicated by lines of different lengths 
and the double values of the principal series being indicated by a 
break in the lines. The innermost orbit is the Io orbit and the falls 
of the electron from the closely adjacent 7, and zy, orbits give the prin- 
cipal series of doublets with diminishing separation, the general 
formule being Io, — mm, and Io, — mm. The falls from the o and 
8 orbits to the adjacent Im, and Iz, orbits give the sharp and diffuse 
series of doublets with constant separation, the general formule 
being 

1/A = Im, — mo) 
1/A = Im, — mof 
1/A = Im, — m8) 
1/A = Im, — m8J 


-sharp series, 


diffuse series. 


Na 


50 
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TABLE XXX. 


m, Priacipal. Sharp. Diffuse. Fundamental. 
I 24475°85 41449°00 = = 
24492°83 aie me == 
2 I1176°14 15709'°50 1227616 7 — 
TI181-63 — = = 
3 6406734 8248-28 6900°35 6860:37 
6408-33 — ack Ee 
4 4151-30 507731 4412°47 4390°37 
4152-80 — — — 
5 2907-46 3437°28 3061-92 3041'S 
2908°93 = = a 
6 2149°80 2480:65 224856 — 
2150°69 — — — 
i 1654:08 1874:49 1720°88 -— 
1655731 — — 
8 1312-28 1466-0 1357°2 — 
9 1065-86 755 1098:7 — 
IO 883-40 966°1 go7'I — 
II 743°31 804-4 | —-761°7 = 
12 634°92 679°5 647°7 oe 
13 548°13 aa 559°0 = 
14 478°59 sa | -- 4910 — 
15 421-10 — | = = 


The fundamental series, 1/A = 28 — md, is given by the fall of the 
electron from the ¢@ orbits to the 26 orbit. In addition to these 
there are a great number of electron falls which are possible, many 
of which take place since lines corresponding to them have been 
observed. Thus there are falls from the outer 7 and the ¢ orbits 
to Im, and I7p, falls from orbits 27 to orbits 20 and 28, etc. In this 
way with 51 orbits 100 lines have been accounted for in the sodium 
spectrum.! 

lonisation and Resonance Potentials.—There is an obvious de- 
duction to be made from Bohr’s theory, since we may consider the 


1 More recent developments have indicated that certain definite restrictions 
normally exist which govern the possible electron jumps. These are dealt with 
below, 
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amount of energy which is required to shift the electron from its 
normal orbit to the outer orbit, during the return from which the 
spectral line is radiated. It is well known that atoms can be ionised 
by the impact of electrons from other atoms, and since the kinetic 
energy of these can be measured at once we have a method of applying 
an independent test to the Bohr theory. It has already been shown 
that the energy characteristic of the stationary orbits of hydrogen is 
given by 
W,, = 2n?me*/n?h?, 


where » is the integer defining the orbit, and this is the energy re- 
quired to remove the electron to an infinite distance from the nucleus, 
that is to ionise the atom. 

Since 

N = 2n°%e4m/vh8 
W,, = vAN/n?. 
When the electron falls. from one orbit to another we have 
hy = W, — Wy = vhN(1/n? — 1/n’?) 
or for series spectra in general, using Rydberg’s formula, 
hy = Wace W,’ = vhN[1/(n ae by)? ae 1/(n’ “ae Ma)” ]. 

From these expressions we can obtain the amount of energy required 
to displace the electrons from the orbit 1 to the orbit ’. 

In the actual experiments the gas or vapour is bombarded by the 
electrons emitted by a glowing filament, the motions of the electrons 
being accelerated by an adjustable electric field. The energy of 
these electrons is obtained from the expression 


eV = mv*/2, 


where V is the potential difference and v is the velocity. Assuming 
that the electron gives up to the atom the whole of its energy on 
collision, we may substitute the energy difference required, W,, — W,, 
by eV, 


whence rare “| I : . I ‘| 
@ | (a+ py)? (n" + py)” 
N I I = 
fs == —— —- — = 
aa soil + pa)? (a + | nae) 


since vh/e = 300 X 3 X 10! x 6-545 X 10 7/4774 x 10-* volts.“ It 
is very convenient to express the energy in terms of volts, since in 
the actual experiments the potential difference through which the 
emitted. electrons pass is measured. The above expression (10) gives 
us the relation between the wave-number of the line emitted when 
the electron falls from orbit n’ to orbit m and the voltage necessary 
to supply the energy required to produce the reverse process, namely, 
the displacement of the electron from orbit 2 to orbit m'. If 1/A 
is the wave-number of the radiation emitted during the return of 
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the electron, the voltage necessary to displace the electron will be 
1/8102A. 

It is evident that two phenomena will be observed when gaseous 
atoms are subjected to bombardment by external electrons. In the 
first case the atomic electron may be shifted from its normal orbit 
n to another orbit n’, in which case the radiation will be observed 
of a single line caused by the return of the displaced electron to 
orbit . The voltage potential necessary to produce this electron 
shift is known as a resonance or radiation potential. In the second 
case the atomic electron may be removed altogether and the atom 
thereby ionised. The voltage potential necessary to carry this change 
into effect is known as the ionisation potential. In the former case 
the resonance potential will be given by 1/8102, where 1/A is the 
wave-number of the radiation emitted by the atomic electron falling 
back into its normal orbit. In the latter case the ionisation potential 
will be given by 1/8102A,,, where 1/A,, is the limit of the series or 
the wave-number when n’ = oo. 

This may be illustrated by the case of sodium and, since we know 
the readiness with which this element absorbs radiation of the same 
wave-numbers as the principal series, we may expect that the electron 
displaced by bombardment will be the one normally existing in the 
Io or innermost orbit and that it will be displaced either to the Im 
orbit or to infinity (see Fig. 3, p. 69). We know that the radiation 
emitted by the return of the electron from the Im orbit to the Io orbit 
has the mean wave-number 16969 and therefore the voltage potential 
necessary to supply the energy increment required to displace the 
electron from the Io orbit to the Im orbit will be 16969/8102 = 2-c8 
volts. The displacement of the electron to infinity or the ionisation 
of the sodium atom will require 41449/8102 = 5-12 volts, since the 
limit of the principal series = Io = 41449. The voltage values 
observed by Tate and Foote! were 2-12 and 5:12, respectively. 
Another example may be given, namely, that of mercury, in which no 
effect occurs on bombardment until the voltage potential reaches 
4:76, at which value radiation commences. Increase in the potential 
fall produces no further change until 6-45 volts is reached, when sud- 
denly the radiation is increased. Then again, no further increase in 
the radiation occurs until the voltage is increased to 10:2 when the 
atoms become ionised.2 Now the ionisation potential of 10:2 volts 
corresponds to n, = 8102 X 10:2 = 826404, and this is obviously 
the limit of the principal series of singlets for which 1S has been 
calculated to be 84178-5. This suggests that the electron is most 
readily displaced from the 1S orbit and that the two resonance poten- 
tials are due to the displacement of the electron from this. orbit to 
two other orbits, It seems that this is what actually happens, since 
the wave-number of the first line of the principal series of singlets 


1 Phil. Mag., 36, 64 (1918). 
* Mohler, Foote, and Meggers, Journ. Opt, Soc., Amer., 4, 364 (1920). 
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is 4065-7 (A = 1849:57), and there is a very strong line at A = 2536-52, 
the wave-number of which is 39412-6 given by the combination 1S—Ip, 
= 841785 — 44768-9 = 39409-6, where Ip, is the central orbit of the 
principal series of triplets. ‘The values of the voltages calculated 
from the three values of n are 4-86, 6:67, and 10:38 compared with the 
observed values of 4:76, 6-45, and 10:2 respectively. 

An analogous case is that of calcium, for which Mohler, Foote, 
and Stimson! have found two resonance potentials of 1-90 and 2-85 
volts and the ionisation potential of 6-o1 volts. Here again it is the 
innermost orbit from which the electron is displaced, namely, the 
orbit 1S, which is the limit of the principal series of singlets. The 
orbit 1S has the wave-number 49304'8 and the first line of the series 
has the wave-number 23652:4, whilst the wave-number of the com- 
bination IS — Ip = 15210-3. The calculated voltages corresponding 
to these electron shifts are 1-89, 2-92, and 6-08 respectively. 

The elements sodium, mercury, and calcium exist as free atoms 
in the vapour state, and the question arises as to the resonance and 
ionisation potentials of molecules consisting of more than one atom. 
Such cases are not free from difficulty as may be instanced by the 
resonance and ionisation potentials of hydrogen, which are 10:5 and 
16-9 volts respectively.2, The wave-number of the line given by the 
fall of the electron from orbit 2 to orbit 1 (see Fig. 2, p. 68) is 
N/1? — N/2? = 82258 and hence the resonance potential should be 
82258/8102 = 10-15, which is in very fair agreement with the observed 
value. On the other hand, the ionisation potential should be 
109678-3/8102 = 13:53, which is materially less than the observed 
value of 16-9. If we consider the extra energy necessary to dissociate 
the hydrogen molecule into atoms, this can easily be arrived at from 
the heat of dissociation of hydrogen which is known to be 84000 
calories per gram molecule. If we take one calorie as 4:174 < 10? 
ergs and the number of molecules in a gram molecule as 6:22 X 10°, 
the energy required to dissociate a single hydrogen molecule into 
neutral atoms will be 

8-4 X 104 X 4-174 X 107/622 X 10% = 5-64 x 107 ergs = w, 
and the corresponding dissociation potential will be 
300w/e = 300 X 5:64 X 107 12/4-774 X 107-19 = 3-54 volts. 
Adding this to the calculated value of the ionisation potential we 
have 13°53 + 3°54 = 17-07 volts, which is very near the observed 
value of 16-9 volts. 

There is some difficulty in reconciling the fact that ionisation 
does not take place until the total energy necessary to dissociate 
the molecules and ionise the resulting atoms has been supplied with 
the fact that the observed resonance potential is the same as the 


1 Phil, Mag., 40, 73 (1920). 
2 Horton and Davies, Proc. Roy. Soc., A, 97, 23 (1920). 
3 Langmuir, /. Amer. Chem, Soc., 37) 451 (1915). 
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theoretical value for hydrogen atoms within the limit of experimental 
error. Why is it possible to obtain the resonance of hydrogen atoms 
without also supplying the energy necessary to dissociate the mole- 
cules into atoms? By analogy with the ionisation potential measure- 
ments the first resonance potential should be found at 10-5 + 3°54 
= 14-04 volts, and no neutral atom should be present to respond to 
the observed value of 10:5 volts. Asa matter of fact, although radia- 
tion is observed at 10:5 volts, there is a considerable increase when the 
voltage is increased to 13-9, and consequently it would seem that 
there must be present some neutral atoms in the gas owing to some, 
other cause. Hicks! suggests that, since the resonance potential 
is about three times the dissociation potential, a single bombarding 
electron at 10-5 volts is capable of dissociating three hydrogen mole- 
cules and that there are formed in this way sufficient neutral atoms 
to show radiation at this voltage. On the other hand, Compton and 
Olmstead ? suggest that a certain amount of dissociation is caused 
by: the action of the hot filament used as the source of electrons. 

The values obtained for oxygen and nitrogen? are capable of 
being explained on the same lines, but helium and the other rare 
gases present a problem of considerable interest since they are known 
to be monatomic. According to Bohr* the total energy of the 
neutral helium atom is 6-13 times that of hydrogen and the potential 
difference corresponding to the amount of energy necessary to remove 
both electrons will be 13:53 X 6:13 = 82:94 volts. Since, as has 
already been shown, the value of N in the enhanced series of helium 
is four times that for hydrogen, it follows that the voltage potential 
required to remove the second electron to infinity from singly ionised 
helium will be 13:53 X 4= 54:12 volts. The energy required for 
the first ionisation, therefore, will correspond to the voltage potential 
of 82:94 — 54:12 = 28-8 volts. Compton and Lilly® find that the 
ordinary series of helium lines are excited at about 25:5 volts and the 
enhanced line series at about 80 volts, provided that the bombarding 
electron stream is not too dense. 

The agreement between calculation and observation is eminently 
satisfactory, particularly in respect of the value of 54:5 volts for the 
second ionising potential. There is, however, considerable difficulty 
in interpreting the very high value for the first ionising potential 
of 25-5 volts, which corresponds to a wave-number of 25-5 x 8102 
= 206601. It is obvious that no atom can give ‘‘ arc” series of lines 
with a greater limit than 109768-3 which is the value of N for these 
series, since in any formula for spectral series the variable term 
is always less than unity. The maximum ionisation potential, 
neglecting the extra energy required for dissociation, is shown by 
hydrogen and is 13°53 volts. The problem is intensified in interest 


1 Analysts of Spectra, p. 117. Cambridge University Press, 1922. 

» Phys. Rev., V7, 45 (1921). 

° Mohler, Bull. Bur, Standards, 16, 669 (1921). 

4 Phil. Mag., 26, 489 (1913). ° Astrophys. Journ., 52, 1 (1920). 
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by the fact that in helium no radiation is induced with moderately 
dense electron streams below 25-5 volts and that at this voltage 
lines of the various arc series are emitted. The following lines were 
observed by Compton and Lilly at 30 volts, A= 7066, 6678, 5876, 
5048, 5016, 4922, 4713, 4472, 4438, and 4388. These lines are dis- 
tributed amongst five series and the largest limit is that of the 
principal series of singlets, to which A= 5016 belongs, namely, 
32032°5. The voltage corresponding to this series limit is 32032-5/8102 
= 3:96 volts. The suggestion may be made that, in spite of the fact 
that helium is monatomic, work must be done on the system before 
the atoms can respond in the expected way to bombardment by 
external electrons. A possible explanation of the necessity for the 
preliminary work was put forward from another point of view } and 
Hicks? has more recently made a somewhat similar suggestion. 
Mention may also be made of the fact that the voltage potentials of 
argon and neon are abnormally high compared with the values cal- 
culated from their spectral series. 

It is important to note in this connection that the monatomic 
vapours of the alkali metals exhibit as an absorption spectrum the 
lines of the principal series, it being a matter of history that the 
laboratory experiment of obtaining the reversal of the D lines of 
sodium lead Kirchhoff to the enunciation of the law known under 
his name. It is thus obvious that the atoms of these elements are 
in a position at once to respond to the vibration characteristic of 
their principal series without the necessity of any previous supply 
of energy, this being independent of the fact that the observed and 
calculated values of the ionisation potential agree in each case. The 
two sets of observations are thus in agreement and together afford 
conclusive evidence that the excess of the observed values over the 
calculated values with certain elements is due to the fact that work 
must be done on the normal molecules before the atoms are obtained 
in the state in which they can respond to the vibrations characteristic 
of their spectral series. Since the amount of this work can easily 
be calculated we are able to determine the loss of energy suffered by 
the free atoms when they settle down to the molecular conditions in 
which they normally exist in the free state. 

The calculation given above for hydrogen shows that when the 
necessary data are to hand it is possible to calculate the value of 
the additional energy and thus quantitatively explain the discrepancy 
between the observed and calculated ionisation potentials of the 
elements. The whole of the phenomena described in this section, 
therefore, afford a striking support to the Bohr theory of the atom 
as applied to spectral series. 

Enhanced Line Series.—The existence of enhanced lines, that is 
to say, spectrum lines, the intensity of which is enhanced in passing 
from the conditions obtaining in the arc to those in the spark, has 


1 Baly, PAz/. Mag., 40, 18 (1920). 2 Analysts of Spectra, p. 118. 
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already been referred to in Vol. II., Chap. IL, p. 132. _The importance 
of these lines is particularly great in connection with astronomical 
spectroscopy in view of their presence in the spectra of many stars. 
Lockyer attributed these lines to the higher temperature conditions 
prevalent in the spark, and under the belief that a type of atomic 
disintegration had been induced he gave the prefix of “proto” to 
the substance so formed. Thus the enhanced lines of calcium and 
magnesium were assigned to protocalcium and protomagnesium 
respectively. 

The enunciation of the Bohr theory of spectral lines has led to 
a new interpretation of the origin of enhanced lines, and indeed the 
fact that these lines form series which conform to Bohr’s general 
formula has added a very fascinating chapter to the history of the 
modern development of atomic spectroscopy. For the first and 
pioneer work in this particular field we are indebted to Fowler who 
was able definitely to prove the reality of series of enhanced lines. 
This advance has since been consolidated and considerably extended 
by Fowler, Paschen, Millikan, and many others. 

The opening of this new chapter arose over the so-called Pickering 
series of hydrogen lines described on p. 18 and Rydberg’s expression 
of these as the diffuse series of hydrogen. Rydberg also calculated from 
the two series the so-called principal series of hydrogen, the first 
member of which has A = 4686 and has been recognised in the spectra 
of several stars and nebule. This interpretation of the origin of 
these lines was universally accepted, the close analogy of their series 
formule with that of the Balmer series being a justification, in spite 
of the fact that no one had succeeded in producing the new lines from 
hydrogen in the laboratory. In 1912 Fowler! found by passing 
strong condensed discharges through helium, containing hydrogen 
as an impurity, that the Pickering series of lines showed faintly, 
together with the lines which Rydberg had attributed to the principal 
series of hydrogen. This 4686 series also contained other lines which 
could be expressed as a second principal series of hydrogen, closely 
related to the first. 

When Bohr enunciated his theory it was clear that no hydrogen 
lines could exist beyond those expressed by the general formula 2 


I I 
VN i 
(< wa) 


and he suggested that the lines in question were due to ionised helium, 
that is to say the atom of helium which has lost one electron. He 
showed that the general formula in this case would be 


I I 
ae AN(a ~<a). 


1 Roy. Ast. Soc.; M.N., 73, 62 (1912). 

* From now onwards the usual convention will be adopted by using the symbol 
vy to denote both wave-numbers and oscillation frequencies, Except where specifi- 
cally stated to the contrary, wave-numbers will be employed. 
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Since the phenomena are due to a single electron and a nucleus with 
charge twice that on the electron, the analogy between these series 
of lines and the authentic hydrogen lines is thus explained, since 
the only difference between Het and H lies in the factor 22 = 4 
present in the formula for the former. 

The investigation of the problem thus raised was undertaken by 
Fowler,! who recognised that the lines in question must be regarded 
as enhanced lines, the ionisation of the helium atom being caused by 
the condensed spark discharge, and he made a general investigation 
of the lines of this class. The problem involved was to determine 
whether the enhanced lines of any element could be expressed by 
series formule containing the factor 4N in place of N which is charac- 
teristic of the series formule for arc lines. 

Fowler first of all investigated magnesium, which, as is well 
known, exhibits the strong enhanced line A = 4481 and, since it was 
known that this line is a close doublet, this was a valuable indication 
of the type of series to which it belongs. The enhanced magnesium 
lines given in Table XX XI. were found to agree with the 4481 line 
in that they are close doublets with constant wave-number difference. 
Only in the case of the first three lines could the wave-lengths of both 
components be measured. 


TABLE XXXI. 


A in 1A. AA. | py in vacuo. Av. 
4481°327 2230868 
Or198 0°99 
4481129 | 22309:67 
3104805 | 32198-99 
0°092 0°94 
3104°713 32199°93 
2660°821 37571°43 
0:066 0:94 
2660°755 37572°37 
2449°573 | 40811-31 
2329°58 | 42913°30 
2253°87 4435465 
2202°68 | 45385°36 
216628 | 46147°66 
| 


In order to represent the series by a formula, only one of the nas 
ponents was used, namely, the less refrangible. The last five lines 


1 Phil, Trans., A, 214, 225 (1914). 
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may be regarded as consisting of two components separated by 
Av = 0-99, and since the more refrangible component has about 
double the intensity of the less refrangible, the wave-numbers of the 
two components may be regarded as the wave-number of the un- 
resolved line + 0:33 and — 0-66 respectively. The whole series of 
the less refrangible components can be expressed by a formula con- 
taining 4N, there being insufficient accuracy to decide which is best— 
the Rydberg, Hicks, or Ritz formula. Since, however, it appears that 
the Hicks formula is the best in general, the results given by the 
formula 

4 X 109679°3 
n + 0:994541 + 0:006170/n)? 
only need be given, and they are set fourth in Table XXXII. 


ee 


TABLE XXXII. 


Limit of Error of 

Vv. n. error. calculation. 
22308°68 3 0°02 eee 
32198:99 4 0°05 eae 
3757143 5 ot pee 
40810765 6 O17 ah ess 
42912:64 i. oe go25 
44353°99 8 9 see 
45384°70 9 1:0 + 0°86 
4614724 10 or + I-00 


The first three lines were used in the calculation of the constants. 
Fowler next discusses the enhanced lines of calcium and strontium 
which consist in each case of two series of wide doublets and narrow 
doublets, respectively, and he shows that the wave-numbers (on 
Rowland’s scale) of the four series can be well expressed by the Hicks 
formula with the constant 4 x 109675. He further shows that the 
two magnesium doublets measured by him in conjunction with Payn ? 
are the first two members of two other series, the wave-numbers of 
which on the International scale can again be expressed by Hicks’s 
formule with 4  109679°3. In addition to these, two combination 
series conforming to the same type were discovered in magnesium. 
As regards the relations between these series Fowler states the 
following. The fundamental series in the doublet systems of calcium, 
strontium, and barium derives its limit and the separation of its 
components from an observed negative term of the diffuse series. In 
the case of magnesium, the corresponding negative term of the diffuse 
series together with the derived fundamental series is absent. A 
new group of series of narrow doublets (often called the F.P. system) 


1 Proc. Roy. Soc., A, 72,255 (1903). 
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exists in magnesium, in which the separation of the sharp and diffuse 
doublets is identical with the calculated separation of the second 
pair of the principal series of wider doublets. This group includes 
two combination series, seven lines in each having been observed. 
The 4481 series of magnesium consists of very close doublets with 
constant wave-number difference, and this forms the fundamental 
series of the F.P. system. Its limits are derived from the first negative 
term of the diffuse series. 

The general nature of the series formula for these enhanced lines 
having been proved to conform to Bohr’s theory, Fowler next in- 
vestigated the Pickering series and the 4686 series attributed to 
hydrogen. He shows that the latter can be expressed by the formula 


ocx (2 I 
v= 4 X 109719°7 ia) 
whereas on Rydberg’s explanation the alternate lines belonged to two 
series having a simple relation to one another. Clearly therefore this 
series is of the enhanced type and this is supported by the fact that 
it has been found by Evans! that the spark discharge in pure helium 
excites these lines. As the result of this it is natural to expect that 
the Pickering series is of the same type, and Fowler shows that, as 
first suggested by Bohr, these lines can be expressed by the formula 


fi ey 

y= 4 X 109719:7 (a 3) 
The fact-that both series can each be expressed by one formula affords 
strong evidence that they both are enhanced helium lines and, further, 
we have the fact, as shown on p. 66, that the ratio of 4Nye to Ny 
is almost identical with that calculated by Bohr. There can be no 
doubt therefore that Bohr’s predictions were experimentally verified 
by Fowler within a remarkable degree of accuracy. 

One important fact should be noted in connection with the en- 
hanced lines of helium, namely, their general similarity to hydrogen. 
This is obvious from the close analogy between the Het and the H 
formule. Thus the enhanced formula for the Pickering lines may be 
written 


9° 
ra 


2 22 
— O I 78(25— =;) 
v = 109719°7 42 


n 
a/b lb 2? 
== 109719°78( 2s ), 


n 


and consequently every alternate line will have very nearly the 
same wave-number as a line of the Balmer series of hydrogen. In 
fact the values will be identical if the value of N were the same for 
the two elements. It is not surprising therefore that Rydberg was 


1 Phil, Mag., 29, 284 (1915). 


80 SPECTROSCOPY 


led to believe that both series, Balmer and Pickering, were due to 
hydrogen. ) 

In the same paper Fowler pointed out that although, on Bohr’s 
theory, series of still more enhanced lines due to doubly and even 
trebly ionised atoms with formule involving N x 3 and N xX 4? are 
to be expected, he himself at that time had not been able to obtain 
any evidence of their existence. During the following years the 
existence of other enhanced line series (4N) was demonstrated, but 
it was not until recently that the enhanced series of the type 9N, 
ION, etc., were discovered. 

Almost simultaneously in 1923 were published two papers, one 
by Paschen ! describing the spectrum of Al** with series constant ON, 
and the second by Fowler? in which he describes the spectrum of 
Si +++ with series constant of 16N. 

Before this later work is described mention may be made of the 
law of spectroscopic displacement, enunciated by Kossel and Sommer- 
feld,? which is analogous to the well-known law of radioactivity. 
Whereas the latter law states that in a radioactive change accom- 
panied by the loss of an a-particle or helium atom the element pro- 
duced belongs to that sub-group in the periodic table which is next 
but one to the sub-group to which the radioactive parent belongs, 
the spectroscopic displacement law deals with spectroscopic analogies 
when atoms are ionised. This law states that the enhanced spectrum 
of a singly ionised element is analogous in structure to the arc spectrum 
of the element preceding it in the periodic table. We have already 
seen this law evidenced in the close analogy between the enhanced 
spectrum of helium and the ordinary line spectrum of hydrogen. 
Further evidence of this law was given by Reinheimmer * who showed 
the qualitative analogy between the spark spectrum of rubidium 
and the ordinary spectrum of krypton. Again, Zeeman and Dik ® 
showed a relationship between the spark spectrum of potassium and 
the ordinary spectrum of argon. The more recent evidence will be 
discussed later. 

As is known the are spectra of the alkali metals show doublet 
systems, whilst the second, third, and fourth groups show triplet, 
doublet, and triplet systems respectively. According to the Kossel 
and Sommerfeld law the enhanced series of the second group when 
singly ionised should show doublet systems analogous to those of the 
alkali metals. As already stated Fowler found that this was the case, 
and it is interesting to note that as pointed out by Kossel and Sommer- 
feld the separations of the doublets of the enhanced spectra of the 
second group are not very far removed from four times the separations 


1 Ann. der Phys., 71, 142 (1923). 

* Proc. Roy. Soc., 103, 413 (1923). 

8 Deutsch. phys. Ges., Verh., 21, 240 (1919). 

4 Ann. der Phys., 71, 162 (1923). 5 [bid., 199 (1923). 

* This statement is to be modified in the sense foreshadowed on p. 38, and 
more fully developed below on p. 135. 
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of the arc doublets in the corresponding alkali metals, which shows 
the close analogy since we have 4N in the enhanced series. 

The law also applies to the higher stages of ionisation of aluminium 
and silicon. Thus the arc spectrum of aluminium consists of doublet 
systems, but the enhanced spectrum of Al* consists of triplets} 
analogous to the arc spectrum of magnesium, whilst the enhanced 
spectrum of Al** consists of doublets analogous to the arc spectrum 
of sodium. Similarly, the spectra of Si, Sit, Sit*+, Sit+*, consist of 
triplets, doublets, triplets, and doublets respectively, the last again 
being analogous to the arc spectrum of sodium. 

This law is of great importance and renders considerable aid to 
the investigator in his search for series systems in enhanced line 
spectra. It must not be forgotten, however, in the comparison of 
an enhanced spectrum with an arc spectrum, that the separation 
intervals in the former are greater owing to the presence of 4N, ON, 
ION, in the series formula. There is another result which ensues 
from the large value of the series constant, namely, the general dis- 
placement towards the ultra-violet. This means that the higher 
members of the series lie in the Schumann region and therefore their 
detection and measurement involve the special difficulties of work 
in that region.” 

We may now return to Paschen’s discovery of the spectrum of Al** 
and Fowler’s discovery of the spectrum of Sit*t. In passing it may 
be noted that there are two methods of nomenclature adopted for the 
different stages of ionisation. Hitherto the system of denoting the 
number of electrons lost has been used, but Paschen used the Roman 
numerals I., IL, III., IV., etc., to denote the neutral atom, the singly, 
doubly, and trebly ionised atom, respectively. For example, the 
symbols Al** and Al III. mean the same thing, as also do the symbols 
Sitt+* and Si IV. The Paschen symbols have been generally adopted. 

In the case of doubly ionised aluminium, Paschen was able to 
measure a considerable number of lines and he showed that they all 
could be arranged in a doublet system, the series formule of which 
all involved the term QN, the value of N being 109735-0. The lines 
extended from A = 5722 toA = 1353. 

Fowler’s investigation of the spectrum of Si IV. may be described 
in some detail, for it forms a typical instance of the work involved in 
an investigation in a hitherto unknown region of spectral series, 
complicated by the fact that the majority of the lines have very 
small wave-lengths. It may be stated at the commencement that 
this work formed one section of a complete investigation of the 
silicon series, which are of peculiar interest from the point of view 
of astrophysics. The difficulties, therefore, were not lessened by 
the fact that the Si IV. lines had to be recognised amongst whole 
systems of lines belonging to Si II. and Si III. At the same time 
from the Kossel and Sommerfeld law Fowler was able to assume at 


1 Ann. der Phys.,'71, 537 (1923). 2 See below, p. 262. 
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the outset that the series system of Si IV. would consist of doublets, 
analogous to those of Na I., and on Bohr’s theory he also assumed in 
the first instance that the series constant would have the value of 
16N, namely 1754852. Subsequently, we may deal with his work 
on the spectra of Si II. and Si III. 

Owing to the large value of the Rydberg constant the Si IV. series 
corresponding to the best-known series of Na I. lie in the extreme 
ultra-violet, whilst those lines of Si IV. which lie in the ordinary 
region correspond to the secondary series of Na I. in the infra-red, 
which have only been partially observed. Further, the intensities 
in any one series decrease rapidly with increase in order number, so 
that the number of lines available for calculation of the constants are 
somewhat restricted. Fowler then proceeds as follows :— 

Taking the stronger components of the secondary pairs, which 
have a separation of Av = 162, he obtains with the use of the Rydberg 
formula in the first instance 


o, (2) = 207, — 20 = — hi a ee ie 10N 
0, (3) = 27, — 30 = ~—_ 46989 Sit i RAG TE (m +. 1-207606)? 
8, (2) = 2a, — 26 = — 58050 16N 


03) Sm, 30 = 31579) Palm) = 144374 — te 0.044363)” 
the negative sign being used because two of the pairs have their 
stronger components on the more refrangible side. The limits for 
the sharp and diffuse series are as close as could be expected from 
the simple Rydberg formula, and this may be taken as provisional 
evidence in favour of the value 16N. 

Since the formula for the sharp series is as a general rule more 
exact, it is justifiable to calculate from it the value of the term Io, 
and derive an approximate formula for the associated principal 
series. We have from the above 


16N 


° = (3207606) ~ 3°08, 
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I6N 
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a Ae at (3-463687)” 
and hence 
16N 
= Ilo — ae — 
m,(m) o — mm, = 360082 (i = 1-46 5600)" 
16N 


= Io — a3 
7,(m) o — Mm, = 360082 (mF 1-463087)* 


The first principal pair will thus have the wave-numbers 71415 and 
70965, respectively, with 4y= 450. Since Millikan, Bowen, and 
Sawyer ! have observed two silicon lines with A = 1402-9 and 1393-9 


1 Astrophys, Journ., 53, 159 (1921). 
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or vy = 71280 and 71740 (dv = 460), these may be accepted as the 
leading pair of the first principal series. 

The possibility of lines belonging to the fundamental series was 
next considered and, since the knowledge gained from other spectra 
leads to the view that the corresponding terms are rather larger than 
N(m + 1)?, it is probable that 3¢ > 16N/42, say 110000, and that 
4p > 16N/5?, say 71000. The limit may be either 28 or 38, which 
may be found from 

26 = 2m, — 6,(2) = 146112 + 58050 = 204162, 
36 = 2m, — 8,(3) = 146112 — 31579 = 114533, 
and hence 26 — 36 = 204162 — 110000 = 94162, 
38 — 4¢ = 114533 — 71000 = 43533. 
There is little doubt that the line measured by Simeon ! at A = 1066:3, 
v = 93782, is the first line, and Fowler observed a line at A = 2287-08, 
v = 43710, which corresponds with the second. 

Although the above would seem to justify the applicability of 
the series formule with 16N, further evidence is afforded by an 
independent calculation of the constant from the data for the om 
lines. Thus 


se eae een is 

Coes rae 

28 aL Sa ee 
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Sly oar eey nae v3 = — 46989. 
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The value of B was calculated to be 15-846N which is nearer to 16N 
than could have been expected and, as the result of the accumulated 
evidence, 16N was used in all the subsequent calculations. 

The most probable values of the series terms may now be calcu- 
lated from the best available data, namely, 


Im, — Io = — 71740, 28 — 36 = 93782, 
2m, — 26 = — 24450, 38 — 4¢ = 43710, 
2m, — 30 = 46989, 38 — 5¢ = 65212, 
27, — 26 = — 58050, 48 — 56 = 23732, 
2m, — 38= 31579, 48 — 66 = 36702, 
37, — 36 = — 26571 


The ¢ terms appear to be the most suitable for the calculation on 
account of their greater number, and by various combinations the 
following values for their consecutive differences are found :— 


36 — 46 = 39557, 
4b — 56 = 21502, 
5¢ — 6h = 12970. 


1 Proc. Roy. Soc., 102, A, 490 (1923). 
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By the method of least squares we obtain the formula 


ae 10N 
res (m + 0:988903 + 0-019900/m)” 


the use of the Hicks formula being now justified by the greater accuracy. 
From this we find 36 = 109923-4, 46 = 70306-3, 5¢ = 48861°7, and 
6¢ = 358931. These in turn lead to values for the 6 terms, and 
thence to the 7, and o terms, thus 


28 = 109923 + 93782 = 203705. 


From the 27, 37, terms and the 20, 30 terms the following formule 
have been derived :— 


ne 16N 
mar = (m + 1:492563 — 0:043080/m)” 
10N 
mo = 


(m + 1:228166 — 0:032538/m)? 


Extrapolations give Im, = 292477, and Io = 364018. The difference 
is 71541, which is as close to the observed line 71740 as can be ex- 
pected. As there is no reason to suppose that one of the terms is 
more correct than the other, one has been increased and the other 
diminished by an equal amount, so as to make the difference equal 
to the wave-number of the line to which it corresponds. Thus the 
adopted values are Io = 364117, Im, = 292377. 

For the calculation of additional terms of the diffuse series the 
following formula was derived from the 36 and 46 terms :— 


ION 


es (m + 0-900071 + 0-066204/m)* 


Extrapolation gives 28 = 203969 which is in close agreement with the 
value 203705 derived above. 

Finally, the first three 7, terms have been derived by adding the 
observed separations of the corresponding pairs to the respective 
am, terms. The 27, and 37 values then give the following formula 
for the calculation of the additional 7, terms :— 


___16N 
m +- 1:490067 — 0-043146/m)* 


In this way the four types of series, sharp, principal, diffuse, and 
fundamental, have been recognised and their constants determined. 
The definite realisation now gained of the constant 16N has rendered 
possible the recognition of types of series which previously escaped 
notice owing to their occurrence in the infra-red. Amongst such series 
there was recognised one by Fowler in the case of Mg IIL, namely, 
3¢ — md, but the agreement between observation and calculation was 
outside the limits of experimental error and for this reason it was 
omitted from the account of Fowler’s first work on enhanced series 


Mit, = 
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given above. Since that paper was published Bohr has extended his 
theory and has shown that his general theory leads to a fifth series of 
quantum states for which ¢’ differs but little from ¢ in the fundamental 
series. As the result of this Bohr finds that the errors inherent in 
Fowler’s series of Mg II., 34 — md, disappear if md’ is substituted 
for mg. Series of this type, differing slightly from the ordinary 
fundamental series, were found by Paschen in Al III. and Fowler 
has identified a similar series in Si IV. Yet another series, 46’ — md", 
was detected by Fowler in Si IV. and also noted by Paschen in Al III. 
Owing the smallness of the wave-lengths, both these series in Si IV. 
were only recognised as far as their earliest members. 

Fowler gives the values of the various series terms which he has 
evaluated in the case of Si IV. and these may be quoted, together with 
the complete table he gives of the Si IV. lines apportioned to their 
series. In Tables XX XIII. and XXXIV. the Rydberg numeration 
of the terms is given in brackets, together with the Bohr total quantum? 
numbers. As Fowler points out the latter are more correct, but the 
former more readily facilitate comparison with previously existing 
series data. 

In Table XXXIV. the terms which have not been observed are en- 
closed in brackets. 

The Kossel and Sommerfeld law suggests a comparison between 
the separation intervals which occur in the spectra that should be 
comparable, namely, the spectra of Si IV., AITII., Mg II.,and Nal. As 
has already been shown the separations of doublets or triplets, ob- 
served in any group of the periodic table, increase with the atomic 
weight, but no direct relation has been observed. On the other hand, 
in the case of the four spectra now under consideration in which the 
value of E/e is 4, 3, 2, and 1, respectively, a regularity is to be found. 
Since the value of the series constant N in the four spectra is propor- 
tional to (E/e)?, we may plot the values of Av against 16, 9, 4, and I. 
This was done by Paschen for the last three spectra, but as the result 
of Fowler’s work all four spectra may be compared. Fowler shows 
that the points obtained lie nearly on a straight line, but there is a 
definite curvature which can be expressed by the formula 


Av = 7°5 + 36-9(x* — 0-492), 


where x = E/e. This is the closest relation yet discovered and it 
affords a good confirmation of the Kossel and Sommerfeld law. 
Another method is to compare together the series constants for the 
corresponding terms in the four spectra and this was done by Fowler. 
In order to make the comparison demanded by the Kossel and 
Sommerfeld law the actual terms for Na IL, Mg IL, Al IIL, Si IV., 
have been divided by 1?, 27, 32, 4%, respectively. In view of the fact 
that Paschen used the value 109735 for the series constant, Fowler 
re-calculated the values for Al IIL. with N, as the constant in order 


1 See also below, p. 289. 2 See below, p. 107. 
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. TABLE XXXIV. 
THE SERIES TERMS OF SilV. 
wg wf 
ae o TT. To. é. . ¢’. 6”. 28 
“A a 
(1) | 364117 | 292377 | 292837 V3 
203705 { 
@) 170105 | 145655 | 145817 / 
114076 | 109923 4 
(3) 1 98666 | 87505 | 87580 p 
a) 72594 | 70366 | 70213 
(64401) | (58397) | (58438) 6 
(5) (50186) | 48862 | 48788 | 48733 
(45319) | (41741) | (41766) 7 
(6) { (36741) | 35893 | 35835 | (35800) 
(33638) | (31319) | (31335) ee 8 
(28050) | (27470) J 
to bring them into line with his own values for the others. The values 
are given in Table XXXV. 
TABLE XXXV. 
COMPARISON OF SERIES TERMS; 
Bobr numbers . 3. 4. cs 6. Ge 
Rydberg numbers (1). (2). (3). (4). (5). 
( Na I. 41449°0 | 15709°5 | 82483 | 5077°3 | 3437°3 
Poe Mg ra 30316:9 12865'5 7120°3 4517°3 3120°7 
a il. 25493°3 11475°2 6533°7 | (4216) = 
S) PNG: 10631°6 6166°6 | (4025) — 
feat 24475°7 IL176°1 6406°3 41513 
eae ; 21370°6 10154°0 5949°6 3909°2 =a 
2 jar i 19502°4 9525°3 5663-3 | (3756) = 
Si Iv. 18273°6 91034 (5469) | (3650) — 
Rydberg numbers (2). (3). (4). | (5). (6). 
( Nace Ls 12276:2 6900:4 4412°5 3061°9 22486 
a Mg II. 12444°2 6988-8 4461°6 3091°6 2267°4 
le: WOE. 12609°4 7072°7 4507°1 3118-4 2284°3 
si Ty. 12731°6 7129°8 4537°1 (3137) (2296) 
ne — oe 43904 (3042) = 
g Il. 9 43943 30512 2241°4 
Le ie 10@f, 6869-7 4396°6 3052°2 2242°1 
SH IY = 6870°2 4397°9 3053°9 2243°3 


As can be seen the o ;and 7 terms diminish, whilst the 8 and d terms 
increase in passing from Na I. to Si IV. When the corresponding 
first sharp, principal, « or diffuse terms are plotted against the atomic 
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numbers, the points lie on smooth curves, so that the regularity is 
much greater than appears in a similar comparison of terms of the 
elements of the same groups of the periodic table. 

In order to maintain continuity we may next take up Fowler’s 
later work on the spectra of Si II. and Si IIL, as well as that of Si I. 
In order fully to understand the meaning of some of the observations 
and the arguments used by him, a knowledge of the more recent 
developments of Bohr’s theory is necessary. These extensions of 
the theory will be discussed in the following sections, and if a historical 
sequence were maintained these should have had first place. On 
the other hand, Fowler’s work on the spectra of silicon affords such an 
admirable example of pioneer work that it has seemed preferable to 
describe it as a whole. 

The investigation of the spectra of silicon was carried considerably 
further by Fowler by his recognition of the series systems of Si L, 
Si II., and Si III.1 The are spectrum Si I. contains altogether about 
78 lines, of which only 13 occur in the visible spectrum and only 4 
in the region between A = 3900 and A = 2640, the remainder being 
found between A = 2640 and A = 1841. The complete series arrange- 
ment of these lines has not as yet been traced, but it is evident that 
the system is based on singlet and triplet terms, as indeed would 
be expected from the position of silicon in the periodic table. The 
triplet series, however, is but weakly represented, and as the first 
members occur far in the ultra-violet, succeeding members would 
only be expected as weak lines in the Schumann region. 

A triplet of the sharp and another of the diffuse series are un- 
mistakable. These are given in Table XXXVI. 


TABLE XXXVI. 


Sharp triplet. Diffuse triplet. 
Ain LA. V. AY. A jn IA. V. Av. 
2452°136 (3) | 40768-42 2218-917 (I) | 45052°96 
‘ 146°12 ; 17°00 
2443°378 (3) | 40914°54 2218-080 (2) | 45069°96 
77°10 28°36 
2438-782 (3) | 40991°64 2216°165 (4) | 45098°32 
146703 
2211°750 (2) | 45198-92 
| 17°15 
2210°912 (3) | 45216°07 | 
: | 77°37 
2207-980 (2) | 45276:09 


1 Phil, Trans., 225, 1 (1925). 
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No definite evidence has been found of the existence of other 
triplets, but three lines, in an isolated group of five, show the same 
intervals— 

Ain LA. v Av. 


1880-71 (1) 53171 
147 


76 


1875°54 (2) 53318 
1872-87 (2) 53304 


The first line, which in a regular series would be the strongest, 1s, 
however, definitely the weakest, and it is possible that the occurrence 
of the two intervals is accidental. 

Some of the most intense lines of the arc spectrum are included 
in the well-known group of six lines at A = 2528 to A = 2506, all of 
which are reversed in the arc. These form a pp* multiplet,! involving 
the two separations noted above, and it follows that the first terms 
of the combinations which give rise to the lines must be Ip,, Ip., and 
Ip; The scheme of this multiplet is 


Pi. Po P3- 
39605'89 (8) fa 
77°14 
39537°01 (9) 146-02 — 39683-03 (7) 77°01 39760-04 (7) py* 
194°72 194-80 
39731-73 (10) 146:10  39877-83 (9) pan 


A second multiplet of the same type occurs at A = 1989 to A = 1978, 
and the detailed structure is as follows :— 


re Po Ps 
50277°3 (4R) 146-3. §0423-6 (3) = 
66:8 67:2 
50344-1 (2) 146-7 50490°8 (2) 77:1 = §0567-9 (3) po** 
35-9 
50526-7 (2) p3** 


The wave-numbers in this group are subject to a little uncertainty of 
measurement, but it is evident that there are involved the regular p 
terms and a second asterisk term p**, which it will be noted is a 
reversed term. 

All the terms entering into the above multiplets clearly belong to 
the triplet system. No multiplets involving quintet terms have as yet 


1 The existence of ‘‘ multiplets ”” has not been mentioned up to the present in 
this chapter. They were first discovered by Catalan in 1922, and this great advance 
will be dealt with on p. 119 e¢ seg. It is necessary to mention these instances here 
together with the occurrence of ‘‘ asterisk ” terms, in order not to break the con- 
tinuity in describing Fowler’s work on the four spectra of silicon. The same remark 
applies to the “ reversed ” p** term, which enters into the second multiplet, as well 
as to certain quantum numbers ; these will be dealt with in the following sections. 
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been observed. Although the actual values of the various p terms 
cannot be calculated, their differences can be found with considerable 
accuracy. In particular the difference 1p,* — Is may be noted. 


Ip, — IS = 40768-42 
therefore Ip,* — Is = 1231-41 
ipo Ip)* = 39537°01 


Ipg— IS = 40914:54 
therefore Ip,* — Is = 1231:51 
Ips — Ipa" = 39083-03 


Ipg — Is = 40991-64 
therefore Ip,* — Is = 1231-60 
Ips — Ip,* = 39760°04 


Mean 1231-51 


In the singlet system of Si I., there are six lines which are reversed 
in the arc and which apparently belong to the sharp and diffuse series. 
A fourth line of the sharp series is suggested by the greater intensity 
of the more refrangible component of a pair of Si II. lines, A= 1817 
and A = 1808, which appears in the spectrum of the silicon spark in 
hydrogen with large self-induction. This line is near the expected 
position of the fourth member of the sharp series and Fowler regards it 
as such. 

Sharp Series of Singlets. 
AinIA. vy, 
2881:585 (10R) 34692-97 
2124-140 (6R) 47062:94 
1901-00 (5R) §2603-9 

1808-14 55305 


The formula calculated from the last three lines for IP — mS is 
N 


ti + 0-689685 + - 


v = 60072 — 


oO: —. 


Diffuse Series of Singlets. 


2435°159 (8R) = 41052-61 
2058-20 (5R) 48570°51 
1893:02. (2R) 52832 


N 
y=3 595500 = 
515257 
(m. 3 0-933784 + ‘ 22 Ae 
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The correcting terms are unusually large, and the two values of 1P 
differ more than usual, but as the sharp series is generally more 
accurate than the diffuse, the value is adopted of 


Tea—s0007.2: 


With this limit, the terms and ‘effective quantum numbers ”’ 
(\/N/term) are given in Table XXXVII. 


TABLE XXXVII. 


Terms. /N/term. Terms. »/N/term. 


TS = 25379:03 2078837 1D = 19019°39 2°401387 
2S = 13009:06 2°903604 21) = 1502240 3°087909 
29 = 7408-1 3°832263 ADs yf BAOR2 3892110 
4S = 4767 4°796648 


The increase in the successive values of the effective quantum number 
departs much more from unity than is usual in most of the known 
series, but the fact that the seven lines are readily reversed is strongly 
in favour of the above arrangement. 

Fowler draws attention to the remarkable occurrence of the 
separation 1231°51(1p,* — Is) in connection with some of the strong 
singlets, including the first member of the sharp series. Thus 


2559761 (9) — 24365-89 (5) = 1231-72 
34692°97 (10) — 33461-39 (5) = 1231-58 


Then again, combinations between triplet and singlet terms are 
suggested by the following lines :— 


17645-64 (1) — 17568-52 (2) = 77:12 = Ips — Ip, = Ip3* — Ip,* 
17707°97 (2) — 17513-19 (5) = ele sees eee 
33656-27 (1) — 3461-39 (5) = 194-88f- "P2 — 1Pt 


We may next consider the spectrum of the singly ionised silicon 
atom which consists of a doublet system. In this case the value of 
the Rydberg constant has to be multiplied by 4, and in the following 
the value of 4N has been taken as 438713-2. The two series Im — mo 
and 27 — mo are distinguished as the first and second sharp series, 
the same distinction being used for the two diffuse series. As in the 
case of the arc spectrum of aluminium the Si II. spectrum does not 
contain the term Ic. 

In the principal series there are three pairs which serve for the 
calculation of the series limit. The stronger components are as 
follows :— 

20 — 277 = 15750:90 
20 — 377, =: 38384'52 
20 — 47, = 48562:70 
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and the formula is 


v = 66297:06 — an 


; 2° 
m + 1001375 — 27050?" 


m 
The 27, term is thus 50546-16 and the 27» term is 50606-16, since the 
separation is Av = 60. 
The limits of the second sharp and diffuse series should of course 
be equal to 2m, and 275, and the values of these limits calculated from 
the two series should agree with those already found. 


Second Sharp Series. 


27, — 30 = 16780-61 . 
27% — 4a = 29992-96 }v = 50621-40 — — cane 

0-133206\ 2, 
277, — 56 = 36772-91 m + 0:644962 — — ae ) 


Second Diffuse Series. 


27g — 38, = 19831°58 4N 
273 = 40, = 3120307 (Y= 50/1077 = = ~~ 9-323876\2" 
271g — 505 = 37330°50 (m + 0.661311 + —— =) 


m 


If a Ritz formula be employed of the type 

-< \Dee Olds 

[m + p+ a(A — v)]? 

the values of the limits are found to be 50638-13 and 50683:24, respec- 


tively. The four values agree with one another and with the value 
50606-16 as well as can be expected. 

The fundamental series contains narrow doublets with dv = 16-6 
which is equal to that of the chief line and satellite in the first diffuse 
doublet. The more refrangible components may be given, together 
with the derived formula (Hicks). 


y=A— 


Fundamental Series. 


28, — 46 = ee ae 52483-11 — ——— ‘ ee RCTET 
28, -~- 5h = 39972°60 (m + 0°894930 + —~ 2 


From this we have 28, = 52483-II, 28, = 52466-51, and 
3¢ = 28265:42. Owing to the fact that the first diffuse doublet lies 
in the far infra-red it is not possible to compare these values with 
the terms for the other series. With the help of the value of 3¢ and 
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certain combination series we can adjust all the limits and also find 
the value of I7. 

There is a group of three spark lines at A = 3862 which has the 
appearance of an inverted diffuse doublet and therefore must have 
negative wave-numbers assigned to it. These cannot be deduced 
from any of the already known terms, but may be represented by intro- 
ducing new terms of diffuse type, x, and x). These terms combine 
with the ¢ terms to give a strong series of fundamental type in the 
extreme ultra-violet, commencing with a pair at A= 2073. In order 
to obtain greater consistency of numerical results, Fowler adjusts 
the wave-numbers of this pair so as to make their separation 15-91, 
like that of the two more accurately measured lines v = 25942 and 
25926, to which they are related. The observed wave-numbers 
48232-89 and 48248-49 were altered to 48232-74 and 48248-65. The 
two terms x, and x, may be calculated as follows :— 


x — 36 = 48232:74 X_ — 36 = 48248-65 
3h = 28265-42 3¢ = 28265-42 


Therefore x, = 76498-16 and %) = 76514:07. 
We then have 


2m — Hy = — 2504205 

277, = 50572°02 
27, — %, = — 2592614 

27g = 5063203 
21, — X_ = — 25882-04 


These values of 27, and 27, are very close to those caiculated previously 
and may be used to fix the common limits of the second sharp and 
diffuse series. The term 20 can at once be derived. 


20 — 277, = 15750-90 
27, = 50572-02 
therefore 26 = 66322-92 


Lastly, we have the first sharp and diffuse series which lie in the 
extreme ultra-violet. The first member of the sharp series is at 
A = 1533, whilst the first member of the diffuse series is at A = 1265. 
Fowler calculated the common limits of the two series from the sharp 
pair Im — 20 by means of the value of 20 given above. 


Im, — 20 = Bee Sasa 
Im, — 26 = 65495J Im, = 131818 


In this way all the limits required have been determined. The 
complete system of Si II. lines so far as they have been observed are 
given in Table XX XVIII. 
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First SHARP SERIES. 


TABLE XXXVIII. 


in —\ Mo% Lary = 1Zt53% > Im — 131Sis- 


A, Intensity. V. Ay. m(-+ 2). mo. 

1533°55 (10) 65208 

1520-83 (8) G5540; |i high 66323 

(1023°75) (97680) 

(1020°75) (97967) | 87) | &) 33851 

(go1-78) (110892) 

(899°45) (r11179) | (287) |G) 20039 

PRINCIPAL SERIES. 206 — mm; 20 = 66322°92. 

A, Intensity. Vv. Ay. m(-+ 2) Mr, Mra. 
— 1533°55 (10) — 65208 131531 
— 1526-83 (8) — 65495 20%, (1) 131818 

6347-091 (10) 15750°90 | &. ; 50572"02 

6371-359 (8) 15690°90 | Sas00 Ae} 50632:02 

2604°44 (2) 38384°52 i (3) 27938-40 

260609 (1) 38360°21 43 27962°71 

2058-53 (1) 48562-70 . | 17700°2 

2058-92 (0) 4855361 | 909 | (4) | 17769°3 
! 


SECOND SHARP SERIES. 


Ay Intensity. 


— 6347-091 (10) 
— 6371°359 (8) 


5978-970 (5) 
5957°612 (4) 


3339°84 (3) 
3333°16 (2) 


2726°74 (2) 
2722°29 (1) 


— 15690:90 


— 15750°90 
167 20°63 
1678061 


29932°98 
29992°96 


3606299 
367 22°91 


m(-+ 2). 


| mo. 


| 3385140 
20639°05 


13909°07 
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First DIFFUSE SERIES. Im — md; Im, = 131531; Im, = 131818. 


A, Intensity. y, Xeale. | Voale. Av. m+ (1). | mde, mdy. 
, 1265-06 79048 : 
1265-04 (10) 79049 1264-78 79065 16°6 52483 
1260-66 (8) 79324 1260°48 79335 287 (2) 52406 
993°09 (1) 100696 992°74 100731 
990°32 (1) 100977 989:92 IOIOIS” ee (3) epee 


SECOND DIFFUSE SERIES. 27 — m3; 2m, = 50572°02; 27, = 50632-02. 


A, Intensity. vy. Av. m(+ 1). | mBo, By. 
(| eortcone | 
; = : (16-60) 52483°11 
pape \ eS ane (60:00) (2) | 52466°51 
5056-353 (2) 1977 1°60 : ; 
5055°975 (7) 19772°90 Se) og ee ere Ne 
5041-020 (5) 19831°58 59°9 30799712 
321004 (3) 31143°30 | 
3203'89 (2) 31203-07 59°77 (4) | 19428-8 
2682-27 (2) 7270:80 f 
2677-98 (1) Hes 59°70 (5) 133014 


FUNDAMENTAL SERIES. 25 — mg; 28, = 52466°51 ; 2385 = 52483-11. 


A, Intensity. y. IN m(+ 1). md. 
el 

4130°884 (10) 24201°08 | 

4128-053 (8) 24217-69 EO‘OR 3) 28265-42 

2905°70 (3) 3440506 | 

2904°29 (2) 34421-75 16:69 | (4) | 18061:40 

2501-99 (1) 39956°1 | 

2500°96 (1) aN S 16-45. 5 45) 12510743 


t 
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COMBINATION SERIES OF Sill. x — m$; x, = 7649816; x, = 76514:07. 


A, Intensity. V. ; Ap. Calculated. 
— 3853-657 (3) | — 25942°05 -gi*| 271 — %2 
— 3856:021 (8) | — 25926:14 pees 2m, — x, > Used for calculation of 27,, 272 
— 3862:592 (6) | — 25882-04 21, — Xe 

2072°61 (10) 48232°89 ; xy : 

2071-94 (8) 48248°49 15:60 is = 34'\ Used for calculation of x, 2 


177 — 5 SOL Oly Oo. 


1817°06 (10) 55034 271 ae Dg a Re0s4, A = I8t p60 


1808-14 (8) 55305 Img — %_ = 55304, A = 1808-19. 


Bree (G4?) 8445 | = | eas = sey rte 


peo lsd 83075 Vo ys eS cea 9 soca, 
ua8s4(3) | O7se2 | — 4S 6h = ohag, A= tad. 
13890) | sows | — {2 a2g 2 Ome to sage 
14088 (on) | 7o082 | — 4421 BS = Fosse Am gob. 


* This is definitely smaller than the separation in the fundamental series (16-61). 


The largest Si II. term is a p term which has the azimuthal quantum 
number 2. On the new Bohr theory, to be discussed later, it appears 
therefore that the thirteenth electron moves in a 3, orbit. The second 
ionisation potential of silicon deduced from the value of Im, is 16-27 
volts. 

In accordance with the Kossel and Sommerfeld law of spectro- 
scopic displacement, the series of Si II. should be similar to those of 
Al I. Both systems consist of doublets and differ chiefly in the wider 
separation of the doublets in Si IL., and in the displacement of lines 
of Si IL. to a region of much shorter wave-length as compared with 
the corresponding lines of Al I. This is due to the greater charge on 
the atomic trunk acting on the 13th electron in Si II. as compared 
with that of Al I. Thus the near ultra-violet lines of Al I. are repre- 
sented by Si II. lines in the Schumann region, whilst the infra-red 
lines of Al I. correspond with visible lines of Si II. The main doublet 
separations, Im, — Im, are 112 for Al I. and 287 for Si II., the ratio 
being I : 2°56. 

The effective quantum numbers are compared together in Table 
XX XIX. 

VOL. AIT. 8 
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TABLE XXXIX. 


Bohr numbers 2. 4. & 6. os 

(Alia: — 2:186892 3°217954 4°227570 5°231357 

eSNG ts = 2°571925 3°599990 4°610472 | 5616184 
(AL sTos) 1507207 2674639 3°700549 4°709045 = 
AENEAN, 1°824328 2:943593 3960963 4:968841 — 
pAl I. 17508958 2°675967 3°701923 4°710388 — 
™™\Si II. | 1-826318 2:945339 3°962685 4970115 = 
5 (AIR: 2°631031 3°425462 4°260130 5°164510 — 
\Si II. | 2:891673 | 3:774168 | 4:751900 | 5°743038 - 
mo{S 1 — 3968941 4:963713 _ == 
Si I. rs 3°939695 4°928499 5921808 Ss 


It is to be noted that the strong Si II. series, x — 34, has not as yet 
been found in Al I. 

The spectrum of ionised carbon C IL. was analysed by Fowler,! 
and he compares the systems of C Il. and Si II. This comparison is 
of considerable interest as it is known that elements of the same sub- 
group of the Periodic Table exhibits certain progressive spectral 
differences with increase in atomic number. 

In the first place, the main doublet separations of C II. and Si II. 
are 58 and 287, respectively, the ratio being 5:0, whereas the ratio 
of the squares of the atomic numbers, 6 and 14, is 5-4. The spectral 
terms are set forth in Table XL., and it may be seen that they 
conform to the general rule that the limits of the sharp and principal 
series (Im and 2) are displaced towards the red with increase in the 
atomic number. On the other hand, the 6 and ¢ terms increase with 
increase in atomic number, which is also the case with the alkali 
metals. Both the ionised elements have an x term, and Fowler lays 
stress on the fact that this term is definitely of 8 type in Si II. and 
apparently of o type in C II. 

We may now consider the spectrum of Si III., which consists of 
triplets and singlets. One of the triplets, having its strongest line 
at A = 4552, is well known in the spark spectrum and certain stellar 
spectra. Although a‘second triplet occurs with its strongest com- 
ponent at A = 3806, the Si III. spectrum is not well obtained under 
ordinary spark conditions. These lines are best excited when the 
condensed discharge is passed through silicon tetrafluoride in vacuum 
tubes. As in the case of Si II. the chief members lie in the extreme 


ultra-violet and lines in the ordinary region of observation belong 
to secondary series. 


1 Proe. Roy. Soc., 105, 299 (1924), 
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TABLE XL. 

Rydberg numbers I 2. | 3. us 5. 

we CAL : — 100165 — = — 
ie OLIEL a 76514 — — — 
ae te cca hese) cee ase 
ies | ote) errses ie 
mts | ci een oe ee 
et ey Ll ae nea eae 


There is no need to give the details of Fowler’s calculations of the 
series limits of the triplet system, for the method has already been 
sufficiently indicated. It may be noted that two of the four triplets 
observed in the ordinary range are inverted and must therefore be 
given negative signs in the calculation of the limits. One of these, 
with its strongest line at A = 3806, is accompanied by satellites and 
these are abnormal as they appear on the more refrangible (actually 
less refrangible on account of the inversion) side of the chief lines. 
It follows that the d term is an inverted term, 2.¢., d, > d, > ds, and 
the same was observed by Paschen in the corresponding triplet in 
Al Il. 

The triplet system, so far as it has been observed, is shown in 
Table XLI. 


TABLE XLI. 


First SHARP SERIES. If — ms; Ip, = 216879; If, = 2171423; Ips = 217273. 


Observed, Calculated. 
rs 6 i | a m(-+ 2) ms 
A. Vv. Ay. Ne | Vv. | Av. 
| 
ae SS ——_| = 2 
| | 
997°70 | 100230 | 997°81 | 100219 
249 | _ | 263 _ 
995°23 100479 99520 | 100482 | (2) 116660 
—- | pa 
— | — | | 993°91 | 100613 | 
| | 
1 ! ! 


100 


First DIFFUSE SERIES. 


SPECI ROSCOE. 


Ip — md; 1p, = 216879; If, = 217142; 1f3 = 217273. 


Observed. 
Calculated. m(+ 1). | md,, de, dz. 
A. y Av. 
1113°76 | 89786 127093 
| 266 
I110°47 goo52 Used for calculation of If. (2) 127091 
i 132 
1108°85 | go184 127089 
FUNDAMENTAL SERIES. 2d — mf; 2d, = 127093'00; 2d, = 127090°86 ; 
2d, = 127088°85. 
Observed. Calculated. 
i eae a m+1). | mf fa, fa- 
A. Vv. Av. A Ve Comb. 
1500°39 60649 1500°39 | 66649°:00 | ad, /, 
41 
, Jf 1501:29 | 66609°56 | d, fe 
worse | Ges | fuserss | saree | Tt oy (fetta 
30 
rsorgt | 66581:77 | da, fy 60511°23 
15 02°00 66578 1501'96 | 66579°63 | dyfa 
1§02°01 | 66577°62 | dzfs 
1142°74 ? 87509 d. 
161 vi |) (4) 39584 ? 
1144°85? | 87348 das} il 39744? 
PRINCIPAL SERIES, 25 — mp; 25 = 116659°56 
A, Intensity. Vv. Av. m(-+ 2) mp1, Poy Ps. 
-| rn 
— 997°70 — 100230 216890 
= Iai! — 100479 et (1) 217139 
= — (100613) | (134) 217273 
4552°654 (9) 2195917 | ; 
4307°892 (7) 2188601 | 73°16 (2) Se 
4574°777 (4) 21852-99 oo 94800°57 
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Io] 
SECOND SHARP SERIES. 2p — ms; 26, = 94700°33: 2h, = 94773°54; 
2p; = 9480664. 
A, Intensity. y Av. m(-+ 2) ms. 
— 4552°654 (9) — 21959°17 73:16 
— 4567°872 (7) — 21886-01 33°02 (2) 116659°56 
— 4574°777 (4) — 21852-99 

3241°67 (6) 30839°43 73°14 

3234°00 (5) 30912°57 33-01 (3) 63861-01 

3230°55 (3) 30945°58 
SECOND DIFFUSE SERIES. 26 — md; 2f,; = 94700°333 2) = 94773°543 

2p, = 94806°64. 

A, Intensity. ve Ay. m(-+ 1). | may, do, dy. 
— 3086:225 (7) — 3239267 a14 
— 3086:429 (3) — 32390°53 be 
— 3086-620 (0) — 32388:51 

127093°00 
73°21 (2) 127090°86 
/ 12708885 
— 3093°423 (6) — 32317°31 be 
— 3093°613 (3) — 32315731 33:10 
— 3096°786 (4) — 32282-21 

380656 (5) 26263:00 fs | eae 

3796°11 (4) 2633530 | 1738 | (3) 68438:08 

3791°41 (3) 26367°96 | 

IS — Ip, = 39330. Eo 250472, 
,SUPER-FUNDAMENTAL SERIES, 3f — mg; 3f; = 60444°00; 3fo = 60483°44; 
Bia) OOF 1123), 

A, Intensity. Ve Av. m(-+ 1). mg. 
4828'923 (47) 20702°79 2 = 
4819°740 (37) 207 42°23 oe (4) 30741°21 
4813°290 (2x) 20770°02 
304093 (1) 32875°14 ” epee 
3037°26 (1) 3291487 ee (5) 27568:82 
3034°74 (1) 32942°20 ; 
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Six lines forming a pp* multiplet may be arranged as follows :— 


1p}. Ippo. Ip3. 
(2) (I) (0) i 
76845 p3* (0) 
131 
76712 264 76976 133/109 Pe* (1) 
204 263 
76976 26377239 Py* (2) 


Py* = 139903; pPe* = 140166; = pg* = 140297. 


This group is well defined and confirms the main triplet separations 
givenin Table XLI. A similar multiplet occurs in Al II. at A = 1767-6 
and in Mg I. at A = 2783. 
The triplet separations of the three spectra, Mg I., Al II., and Si III. 
are compared in Table XLII. and as can be seen the ratio of the 


TABLE XLII. 
Me I. ALIL Si IIL 
At. wt. . : : : 24°32 PAP 28-3 
Nuclear charge : : 12 13 14 
Charge of core (c) . : I 2 3 
; IN : Oo 125° 2 
Separations { 442 ee aS = 


two separations of the respective triplets is practically constant and 
equal to 2. Fowler also points out that there is a linear relation 
between the separation, and the square of the residual charges. Thus 
the equation 


Av = 13 + 28C? 


gives the values 41, 125, and 265. These separations, therefore, are 
much more simply related than those of successive elements belonging 
to the same sub-group. This was mentioned above in the case of the 
Si IV. spectrum. The values of the effective quantum numbers 
V9N/term, V'4N/term, W/N/term, for Si IIL, Al I1., and Mg L, respec- 
tively, are given in Table XLII. 

As regards the singlet system of Si III. there are numerous lines 
which are excited simultaneously, or nearly so, with the Si III. triplets, 
and there is little doubt that many of these belong to the singlet 
system. Fowler, however, has not as yet succeeded in arranging 
these lines in series owing to want of information as to the lines in 
the region beyond A = 1200. The resonance line, 1S — Ip ,, and the 
first line of the principal series 15 — 1P have been identified with 
reasonable certainty. 
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TABLE XLIII. 


Bohr numbers. Be 4. | 5. | 6. 
Mg __I. = 2314482 3345514 = 
ms\ Al II, — r 2:691566 | 3:716978 — 
Si IIT. — 2:908850 | 3:931549 -o 
(Mg I; 1:660865 2°817126 — | = 
mp,) Al II 1-959816 37075940 =o | = 
(si III. 2°133402 3°228536 | — | = 
Mg I. 2°827920 37829341 | — | — 
may) Al Il. 2°791874 3°8So10go | - — 
Si JWI 2:786896 3°797805 — — 
Mawel, ae 3°959795 4953992 = 
mp{ al Tie — 3°928628 4°882470 — 
Si. II. = 4041150 4°993092 (?) r= 
Mg I. — = | = = 
Mel Lie = = 4°982972 5980675 
Si TI, = = | 4:983806 5:983737 


Considerable assistance might be given by the singlet series of 
Mg I. and Al IL, but the singlet system of the latter is not yet fully 
established. Paschen did not publish any singlet series, but an 
interesting attempt to identify these has been made by Russell,’ who 
calculated the ratios of the corresponding s, p, and d terms of Al II. 
and Mg I., and plotted these against the known Mg I. terms. Then, 
from the S, P, and D terms of Mg I. the ratios of the singlet terms 
were found by interpolation. In this way rough values were found 
for the singlet terms of Al II. which suggested the allocation of some 
of the Al II. lines. 

Fowler applies this method to the Si III. lines, but as only two 
members of each triplet series are known it can only be a question of 
linear interpolation or extrapolation. The data and results are given 


in Table XLIV. 
TABLE: XLIV. 


AL II. Si TIL. Ratio. | al. | = SilIL Ratio. 
= ee ee, a = = res: 
FR Joscdl 60589 | 116660 1:926 Is - | 147107 (246200) | (1674) 
| 
I~, . | 114281 | 216904 1:So8 | iP . | 87262 | (170600) | (1°954) 
2p, - | 46393 94700 2041 | 2P : 43759 (89580) | (2:046) 
} 


1 Nature, 113, 163 (1924). 
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The calculated ratios and singlet terms for Si III. are given in brackets. 
The value of 1S was obtained by a long extrapolation and may there- 
fore be much in error. If the logarithms of the ratios are plotted 
against the logarithms of the terms there are obtained 


1S = 267000, 2S = 105600, IP = 169200, 2P = 89740. 


Fowler says that the most appropriate line for 15 — IP in any 
reasonable accordance with the above is that at A = 1206-9, v = 82857. 
It is the strongest singlet in the range A = 1400 to A = 990 and so 
may be adopted with considerable confidence. 

In order to identify the resonance line 1S — Ip, we have Ip, = 
217140 and the two values of 1S given above. These give the wave- 
numbers 


v = 29060 
v = 49860. 
Now the only singlets near this range are 
a ve 

3590 27844 
3486 28670 
2559 39003 
2541 39330 


There is every probability that the last line is due to the transition 
1S — Ips, since it is more strongly developed in the spark than any 
of the other lines, just as the resonance line of Al II. (Russell) makes 
its appearance in the arc, and that of Mg I. in the flame. 

If the logarithms of the values of 1S — Ip, be plotted against 
the logs of the Ip, terms for Mg I., Al IL, Si III., the value of 1S — Ip, 
for Si III. is found to be y = 41700, which is in sufficient agreement 
. with the adopted line vy = 39330. The value of 1S — IP is found to 
be v = 83000 which agrees almost exactly with the adopted line 
y == 82857) 

If this identification be correct, we have the following :— 


IS — Ip, = 39330 


Ip, == 217142 
250472 == TS; 

IS—1P = 82857 
173015 ties 


Although plausible assignments of other singlet lines may be 
made, Fowler defers consideration of these until further data are avail- 
able. The above values suggest that the resonance and ionisation 
potentials of Si III. are 4-85 and 31-66 volts respectively. Since the 
largest term is 1S, it may be concluded that the series electron in 
Si III. normally occupies a 3, orbit. 

I have given this detailed account of Fowler’s work on the spectra 
of silicon since it is a typical instance of pioneer work in a new field 


DHRIESWOP LINES IN SPECTRA 105 
of spectral series. As already noted in Vol. II., Chap. IIL, Fowler 
has solved the problem of the series architecture of several other 
enhanced line spectra, still retaining for the moment the old title. 
One of these, namely, the spectrum of O II. will be dealt with on p. 223 
in connection with recent theories of complex spectra. Then again, 
a passing reference must be made to the remarkable investigations 
of Millikan and Bowen on the spectra given by their hot spark method 
in the very extreme ultra-violet. These spectra will be described in 
detail on p. 262. It is not possible to discuss them at the present 
stage since a knowledge of relativity principles is necessary to under- 
stand them and the methods used in their elucidation. 

Sommerfeld’s Extension of the Bohr Theory.—We may now 
consider a further extension of Bohr’s theory which has led to very 
important and far-reaching results. The advarice was due in the first 
instance to Sommerfeld, who succeeded in correlating many atomic 
phenomena in a most remarkable way by his development of the Bohr 
theory.! He first of all discussed the existence of elliptical orbits, 
the motion of the electron in an elliptical path, presenting a problem 
of two degrees of freedom, since its position is determined by two 
co-ordinates, namely, the azimuth ¢ and the radius vector g. Sommer- 
feld shows that the two quantum conditions for the system with two 
degrees of freedom are 


ob = 20 ) = 20 
| pedd = kh, and | pdg=rh . ey Ar) 
g=0 o=0 


where pg and p, are the impulse or momentum co-ordinates, and /: is 
the Planck constant. The quantum number k may be called the 
azimuthal quantum number, whilst y may be called the radial quantum 
number. 

By Kepler’s second law py is a constant during the motion and by 
putting p = pg, the first equation in (1) becomes 


[poe = |e ee) me 


From the second equation in (1) Sommerfeld, by re-stating it in terms 
of the orbital equation of the ellipse 


Me CG, cosd, 
° 


shows that 
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1 Ann, der Phys, 51, 1, 125 (1916); see also A. Sommerfeld, 4tombau und 
Spektrallinien, 4te Auflage, p. 122, Vieweg und Sohn, Braunschweig, 1924. 
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where ¢ is the eccentricity. The integral can be transformed by 
partial integration to 


21 sin2 odd ne 20 ae ddd sé y ¥ : : 
< (Ie cos ¢)* ‘| I+ecosp | am cos f 1) (4) 
0 0 A 


It can be proved that 


ar 

rl aeee ez I 

2} I-etos@ »/i— 
0 


and consequently we obtain from (1) 


Finally from (3) and (2) we have 


i Reale 
VJ/Ii— Sk 
k? k? 
es pik 
and I—@= ee ee : ess) 


if we put the total quantum number » equal to the sum of the azi- 
muthal and radial quantum numbers. 

The constant p determines the size of the ellipse and the eccen- 
tricity « determines its form. Hence by the azimuthal and radial 
quantum conditions given in (2) and (6) the size and form of the 
elliptical orbit are fixed in accordance with the quantum theory. As 
Sommerfeld says, there is thus selected from the continuous manifold 
of all possible ellipses a family of quantised ellipses given by the two 
quantum numbers k and 7. 

In his paper Sommerfeld draws attention to the fact that the 
foregoing quantum conditions were simultaneously and independently 
derived by H. A. Wilson.t Wilson, however, did not apply these 
equations to the Balmer series of lines. 

Sommerfeld then calculates the energy and finds that 


277*me?H? I Nhx? 
Ht h la + = a nO we ke 


where, as previously, x is the ratio of the charge on the nucleus to 
that on the electron. This is a most important result, for it shows 
that the energy of the elliptical orbits is the same as for circular 
orbits, with the one difference that the old quantum number is 
replaced by the sum of two quantum numbers k + 7. Each of the 


1 Phil. Mag., 31, 161 (1916). 


SERIES OF LINES IN SPECTRA 107 


quantised ellipses therefore has an amount of energy equivalent to 
_ that of a definite Bohr circular orbit. 

If we consider two ellipses of the family, one as the initial orbit 
with quantum numbers k and 7, and another as the final orbit with 
quantum numbers k’ and 7’, and calculate the energy emitted during 
the transition of an electron from the first to the second orbit, we 
have, on the Bohr frequency condition, 


are | I at! | 
"TE Lea WP 
es I I 
and y= NX Ee re EE a . : ; pul?) 


As can be seen by putting x = 1 this formula only gives the series 
of hydrogen lines and is indeed the Bohr formula with the quantum 
number n replaced by the sum of the azimuthal quantum number k 
and the radial quantum number 7. The new formula has, however, 
a deepened theoretical significance and its origin has now multiple 
roots. By the admission of elliptical orbits the series has gained 
no extra lines and has lost none of its sharpness. 

I have given Sommerfeld’s treatment of the quantisation of 
plane elliptical orbits, since he was the first to derive the equations 
and to apply them to spectral series. In his original paper, to which 
reference has already been made, Bohr mentioned elliptical orbits, 
but based his theory of the radiation of discrete spectral lines on 
circular orbits. In later papers Bohr published his own method of 
quantisation, but this need not be given here. Reference may, 
however, be made to the defining of an elliptical orbit by the symbol 
N,, Where n is the total quantum number (k +- 7) and & is the azi- 
muthal quantum number. 

The Quantum Theory of Series Systems.—The question now 
arises as to how the foregoing equations which involve the azimuthal 
and radial quantum numbers can be fitted into what we already know 
of the series systems. There is little difficulty in doing this as Sommer- 
feld has already shown, but, as will presently be seen, it 1s necessary 
to invoke a third quantum number in order to obtain a complete 
solution of the problem. The simplest possible condition exists, 
of course, in the hydrogen atom, which only shows one series of lines, 
known as the Balmer series. As we have already seen the quanti- 
sation of the Kepler ellipse leads to the same values of the energy 
and hence to the same spectrum lines as the quantisation of the 
circular orbit. It follows, therefore, that in the hydrogen spectrum 
the series terms will depend on the total quantum number and not 
on the azimuthal and radial quantum numbers separately. The same 
will be true of all the atoms of this type, such as the ionised helium 
atom Het, the doubly ionised lithium atom Li**, etc. — 

The case is different with all atoms which are not of the hydrogen 
type, since the pure Coulomb field no longer exists. We now find 
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that the series terms depend on the azimuthal and radial quantum 
numbers separately. In short, we may write the expression for the 
spectrum lines given by any atom which is not of the hydrogen type 


in the form 
v= d(k n+ dk7) 2 2 2 


where each series term is some function of the azimuthal and radial 
quantum numbers. The reason for the divergence from the hydrogen 
type is, as Sommerfeld says, that the external electron, thrown out 
of its normal orbit by some agency into an outer orbit, moves in the 
field of the nucleus which is screened off by the inner electron. A 
supplementary field is thereby introduced with the result that the orbits 
of the external electron are no longer Kepler ellipses. 

In passing, it may be noted that Sommerfeld? has calculated 
three varyingly approximate expressions for the function ¢(k, 7). As 
a first approximation the atomic field may be regarded as a Coulomb 
field, that is to say, its potential energy with respect to the external 
electron is 


2 
eee 
y 
We have then, as in the case of hydrogen, 
N 
dlk, r) a (k-+ pe : 5 g (10) 


For a second degree of approximation we may represent the potential 
energy of the atomic field by 


when we obtain 


(epee ; : PR RE 


where m@ is a quantity which depends both on the constant ¢, of the 
atomic field and on the azimuthal quantum number. Since p is 
independent of r, it forms a specific constant of a series. 

For a third approximation the potential energy of the atomic field 
may be represented by 


2 
eee Oy 2) 
YN uy y 


when we obtain 


$(k, 1) = 


ETT Fe twee ne 


u Atombau und Spektrallinien, p. 493. 
* Sttzungsber, Akad., Munchen (1916), 131. 
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where w and yp’ are dependent on k and the atomic field, but independent 
of 7. 

_ Now we know that the total quantum number is the sum of the 
azimuthal and radial quantum numbers, and consequently we may 
write the expression (10) for the series term in the form 


N 
Poe (10a) 
which is the well-known Balmer term. Similarly in the case of the 
second approximation (11) we may write the expression for the series 
term in the form 


N 
ae uy ; , ; . (IIa) 
where yp is characteristic of the series. This of course is Rydberg’s 
value for the series term. Lastly, the third approximation can be 
written in the form 
N 
[2 + w+ p(n, p, bw’)? 
which is the Ritz form of the series term. As Sommerfeld says, ‘‘ it 
is highly remarkable and satisfactory that the three types of spectral 
formule (Balmer, Rydberg, Ritz) which have been evolved slowly 
and laboriously, at widely different times, from the data of observation 
arrive naturally and simultaneously from our calculation.” 

Turning once again to equation (9) it may very readily be seen 
how the hitherto separate series are to be fitted into the general 
quantum scheme. This equation at once explains the resolution of 
the single Balmer series into a system of series, when the atoms are 
not of the hydrogen type. If we vary?’ and keep k’, k, andy constant, 
a single series of lines will be obtained, and if k’ also varies a system 
of series will be obtained. 

In the principal series the total quantum number assumes the | 
values 2, 3, 4, etc., the general expression being 


(12a) 


Is — mp, where m = 2, 3, 4, etc. 


Since the lines in any one single series are given by integral variations 
in the radial quantum number only, Sommerfeld assumes that the 
lines of any single series are given by 7 = 0, I, 2, etc. He concludes, 
therefore, that the principal series is always characterised by the 
azimuthal quantum number 2. 

Similarly, since the diffuse series is expressed by 


2p — md, where m = 3, 4, 5, etc., 


he assumes that the diffuse series is characterised by the azimuthal 
quantum number 3. For the same reason he states that the charac- 
teristic azimuthal quantum number of the fundamental series is 4, 
and lastly he attributes to the sharp series the characteristic azimuthal 
quantum number I. 
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It is interesting to note that as the azimuthal quantum number 
increases the difference between the spectral terms and those of the 
hydrogen type diminishes. Thus in the fundamental series the term 
may indeed be written in the Balmer form. In certain elements 
lines have been found which can be expressed by 


and 4f— mx, where m= 5, 6, etc. 
by — my, where m =, 7, etc. 


The characteristic azimuthal quantum numbers will be 5 and 6 
respectively, and the variable terms in both these series can be ac- 
curately expressed by 

N/m?, 
where m = 5, 6, etc, and 6, 7, etc., respectively. 

Thus far the allocation of the characteristic azimuthal quantum 
numbers has been based on what may be described as a justifiable 
assumption, but conviction as to the correctness of this follows at 
once from what is known as the principle of selection. In 1918 
Rubinowicz! formulated a principle according to which changes or 
transitions in the azimuthal quantum number are limited to certain 
definite values, the radial quantum number being free to undergo 
any integral transition. The argument was based on the conserva- 
tion of the moment of momentum and need not be entered into here. 
The principle of selection is associated with the rule of polarisation, 
and these may be stated as follows :— 

1. The Principle of Selection The azimuthal quantum number 
can at most alter only by one unit at a time in changes of configuration 
of the atom. The maximum transition is, therefore, expressed by 
k — k Se ls 

2. The Rule of Polarisation.—lf the azimuthal quantum number 
changes by +1, the emitted light is circularly polarised. If the 
azimuthal quantum number remains unchanged, only linear polart- 
sation can occur. 

In short, under the conditions we are at present concerned with 
every spectrum line must be due to a change in configuration of the 
atom involving the transition in the azimuthal quantum number 
k+>k-+1. The rule of polarisation does not come under considera- 
tion at the moment because the atoms are not in any way oriented, 
this only being the case when there is an external field. When such 
is the case the limits set by the principle of selection disappear and 
we find transitions in the azimuthal quantum number 4k = 0 or + 2. 

When the principle of selection is applied to the possible combina- 
tions between the various spectral terms, it becomes obvious that 
under ordinary conditions of excitation only those combinations may 
be expected which involve a change of one unit in the azimuthal 
quantum number. It may be seen at once that these permitted 


1 Phys. Zettsch., 19, 441, 465 (1918). 
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combinations are the very ones which give rise to the four chief series 
shown by atoms not of the hydrogen type, thus :— 


Type of Series. Transition in k, 
Principal series, Is — mp 2>1 
Sharp series, 2p — ms I—>2 
Diffuse series, 2p — md 32 
Fundamental series, 3d — mf 4—>3 


The reason why these four series have come to be looked on as the 
four chief series is to be found in the fact that the lines given by 
the above transitions are the most intense, because the initial quantum 
number m (r = 0) is the smallest possible within each type of combina- 
tion. The principle of selection also permits the combinations 


25 — mp and 35 — mp, 


and such have been actually observed. The intensity of the lines 
given by these combinations is smaller than those of the true 
principal series, because m must then be greater than 2 in order to 
render possible an emission of energy. The same argument applies 
to the combinations 3p — md, 4p — md, 3d — mp, and 4f — md. As 
regards the series 4f— mx with the azimuthal quantum number 
transition 5 — 4, the lines generally lie in the infra-red region, but 
in the case of enhanced spectra they are shifted into the visible region. 
Fowler 1 found such a series in the spectrum of Mgt and _ he attri- 
buted them to the combination 4f — mf, noting that calculated and 
observed values did not agree very closely. As a matter of fact the 
combination 4f — mf is forbidden by the principle of selection, since 
it involves the transition k +k in the azimuthal quantum number. 
It was Rojdestvensky ? who offered the true explanation, namely, 
that the lines arise from the combination 4f — mx. 

It may be stated that those combinations which are permitted 
in the first instance by the principle of selection lead to the four most 
commonly occurring and most intense series. Other combinations 
are also permitted, but these occur more rarely and the resulting lines 
are less intense. 

Reference has already been made to the fact that in the presence 
of an external field the principle of selection no longer holds. For 
instance, in the presence of a strong electric field lines have been 
observed which are invisible in the absence of such field. For 
example, the combinations 2p — mp(k—>k), 2s — md (kk — 2) 
are cases in point. Since it is quite possible by the use of a very 
powerful discharge to produce an incipient electric field, some con- 
fusion has arisen as to the correctness of the rigid restriction set 
by the principle of selection, but it must be understood that the 
foregoing only applies to the condition of complete absence of an 
external field. 


1 Phil. Trans., 214, A, 225 (1914). 
® Verh. des. opt. Inst. in Petersburg, No. 8, Berlin, 1921. 
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Now the Ritz combination principle, as ordinarily stated, leads 
to the view that any combination is possible between any two spectral 
terms whatever. We now see that the selection principle sets a 
limitation to this too broad generalisation, and Sommerfeld substitutes 
a more precise statement, namely, that every series term can naturally 
be combined with any other series term of which the azimuthal 
quantum number differs by one unit from that of the first. Com- 
binations which do not obey this limitation are not necessarily 
forbidden, but they require special conditions for their excitation. 

The Multiplicity of Series Terms and the Inner Quantum 
Number.—In the last section the various series were treated as if 
they were all simple, whereas it is well known that they are complex. 
This is due to the fact that the principal, diffuse, and fundamental 
terms are not simple, but are two-fold or three-fold as the case may 
be. As was explained previously (p. 31) this is expressed by the 
formule 


Principal series, Is — mp, | 
Sharp series 2p; — ms ; 

pat iat Pi where? == 1 andi2, of 1. 2).4. 
Diffuse series, 2p; — md, 


Fundamental series, 3d; — mf; 


It is a well-established fact that the principal series consists of doublets 
or triplets with decreasing separation as m increases, whereas the 
sharp series consists of doublets or triplets with constant separation. 
We have also the well-established fact that the doublets or triplets 
in the diffuse and fundamental series are always composite, that is 
to say, satellites are always present in addition to the chief lines. It 
is an obvious deduction from this that the sharp term is always a 
simple term, the multiplicity being confined to the principal, diffuse, 
and fundamental terms. This deduction forms our starting-point in 
all that follows. 

The first point to be noticed is that the p-, d-, and f-terms have 
always the same multiplicity, that is to say, they are all two-fold or 
three-fold so far as we have found as yet. This phenomenon is called 
by Sommerfeld the permanence of multiplicities and the question 
arises as to its explanation. 

In dealing with these multiple terms the convention has been 
adopted of numbering the terms within each series in order of their 
magnitude, thus 


Mpy <Mpy << mp; md, << md, < mds; mf, < mf, < mfsz, 


where of course the third terms are non-existent in doublet systems. 

The second point to be noted is that the observed structure of the 
composite doublets or triplets in the diffuse and fundamental series 
is not as complex as would be expected on the combination principle. 
For example, in a diffuse doublet, 


27,— md, where 7=1 and 2, 
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it would be expected that there should be four lines— 


27, — Moy, 
27%, — M,, 
PAS ima MBs, 
27% — My, 


but only three are observed. Similarly in a diffuse triplet we would 
expect nine lines, but only six are observed. This observed structure 
is true of all diffuse doublets and triplets, and consequently we are 
forced to the conclusion that out of the total number of combinations 
which are algebraically possible a definite number are physically 
impossible and forbidden by some principle of selection. 

These phenomena are obviously incapable of explanation by the 
azimuthal quantum number alone, which is 2, 3, and 4 for all the 
multiple principal, diffuse, and fundamental terms, respectively. 

The Inner Quantum Number.—Although the existence of the 
additional electric field gives a thoroughly satisfactory explanation 
of the resolution of the single Balmer series shown by atoms of the 
hydrogen type into series systems as exhibited by atoms not of the 
hydrogen type, this field does not account for the term multiplicities, 
that is to say, it does not explain the fact that the series systems are 
doublets or triplets. In order to explain this phenomenon Sommerfeld 
invokes an intra-atomic magnetic field. That such magnetic fields 
do exist is clearly established by the phenomena of the anomalous 
Zeeman effect as experimentally demonstrated by Paschen and Back.! 
It would seem too that the intra-atomic field causing the term multi- 
plicities is produced by the orbits of the outer electrons of atoms. 
We know that atoms having the same valency in the chemical sense 
exhibit multiplicities of the same type, and that the multiplicities are 
even in the arc spectra of atoms of uneven valency, and uneven with 
atoms of evenvalency. Since the valency is determined by the number 
of outer electrons of the atom, the origin of the inner magnetic field 
would seem to be founded on the number and motion of these outer 
electrons. 

Sommerfeld 2 attacks the problem from the point of view of the 
multiplicities of the diffuse series, where, as has already been shown, 
certain combinations which are algebraically possible are physically 
impossible, that is to say they are forbidden. This indicates that 
the azimuthal quantum number k is not sufficient for all purposes. 
This quantum number is 2 for all principal terms, 3 for all diffuse 
terms, and so on, and therefore it obviously cannot effect a determinate 
selection between the terms p; or d;. It follows that if the missing 
lines of the (pd) combination are forbidden by a principle of selection, 
it is necessary to introduce a new quantum number, which may be 
called the inner quantum number and designated by 7. 


1 Physica, Zeeman Jubilee Number (1921), p. 261. 
2 Ann. der Phys., 63, 221 (1920). 
VOL. Hi. 8 
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In order to understand the procedure reference may be made to 
Fig. 4, where for a doublet system the series of terms is drawn on a 
scale of energy levels, the vertical arrows representing the transitions 
which gives rise to spectrum lines. 

In the diagram the sharp term is lowest, having the greatest 
negative energy. This term has the azimuthal quantum number 
k = 1 and since the sharp terms are always single, we give it the inner 
quantum number i= 1. The z-levels lie next in order above this 
term and beginning from the top these are numbered 7, and 7, since 
m4 <m. The azimuthal quantum number of both z-levels is k = 2 
and the inner quantum numbers 7 = I and 7 = 2 are assigned to the 
my- and 77,-levels respectively. The 8-levels come next and these have 
as azimuthal quantum number k = 3, and to 6, and 6, are assigned 
the inner quantum numbers 7 = 2 and i= 3. To the fundamental 
levels ¢, and ¢,, with azimuthal quantum number k = 4, are assigned 
the inner quantum numbers? = 3 andi = 4 respectively. In general, 
1 =k for the upper levels of the two-fold terms and 7 = k — 1 for 
the lower levels, whilst 7 = 1 always for the sharp terms. 

Sommerfeld formulates two rules for the inner quantum numbers, 
namely, a principle of selection and a rule of intensity. We have 
already seen that except under special conditions the azimuthal 
quantum number can only undergo the transitions 


k>k+1, 


and his selection principle for the inner quantum numbers states that 
these only undergo the transitions 


t7—+>t+1 and 147 : : its 
The rule of intensity states that of the three transitions permitted by 
(13) that one is to occur with greatest intensity which takes place in 
the same direction as the transition in the azimuthal quantum number ; 
the intensity is to decrease the more the type of transition of 7 differs 
from that of k. It is possible, therefore, to speak of a strong, less 
strong, and weak transition, and these indications of intensity will be 
used in what follows. 

We may now apply the principle of selection and the rule of in- 
tensity to the possible combinations between the levels shown in 
Fig. 4. In the first place, we may consider the first doublet of the 
principal series 

y= lo — my 

Uy Woe — ee 
in which the azimuthal quantum number undergoes the transition 
2->1. In the first of these the inner quantum, number undergoes 
the transition 2-1 and, since this is in the same direction as the 
transition in the azimuthal quantum number, the intensity will be 
strong. In the second, the inner quantum number undergoes the 
transition I —> I and consequently the resulting line will be less strong. 
Since 7, < 7, vy is greater than v, and thus the more refrangible line 
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of the pair will be the more intense as, for example, is shown in the 
D lines of sodium, where D, has twice the intensity of D,. This 
difference of intensity in the principal pairs of the alkalies is still more 
pronounced in the higher members of the series. 

The application of the principle of selection may be seen in the 
pairs of the diffuse series and the fundamental series. In the former 


v= 7, — 4, 


involving the transition 3-2 in the azimuthal quantum number. 
We first of all have the two strong lines given by 7, — 8,, and 7, — 4, 
where the inner quantum numbers undergo the transitions 3 > 2 and 
2-—> I respectively, that is in the same direction as the transition in 
the azimuthal quantum number. We next have the line given by 
m™, — 6, which is less strong because the transition 2 —> 2 in the inner 


Eis 
415) 


FIG. 4. 


quantum number is not in the same direction as that in the azimuthal 
quantum number. The transition 7, — 6, is forbidden, since it in- 
volves the transition 3 1 in the inner quantum number, that is a 
change of two units. This line therefore is absent, as we have already 
learned. ' 

Exactly similar conditions occur in the fundamental series where 
the transition 6, — ¢, is forbidden, since it involves the transition of 
4— 2 in the inner quantum number, whilst the other three possible 
transitions take place with the production of lines having the relative 
intensities as observed. 

In the triplet systems the scheme of inner quantum numbers must 
be extended and this is shown in the scheme of levels depicted in 


Fig. 5. 
g. 5 ee 
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Here again in the highest level in each term the inner quantum number 
i has the same value as the azimuthal quantum number for that term, 
and decreases by unity at each step downwards within that term. The 
inner quantum number, therefore, decreases by two steps of unity from 
4 to 2 in the fundamental levels, from 3 to I in the diffuse levels, and 
from 2 to O in the principal levels. 

In considering the various transitions we may, as before, take 
first those between the p- and s-levels. Here there are no transitions 
forbidden by the principle of selection in the inner quantum numbers, 
but the resulting lines have three different intensities. The strongest 
intensity will be given by the combination Is — ,, since the tran- 
sition in the inner quantum number is in the same direction as that 
in the azimuthal quantum number. A less strong line will be given 
by the combination Is — p, involving the transition in the inner 
quantum number I + 1, whilst a weak line will be given by Is — pg 
since the transition in the inner quantum number 0-1 is in the 
opposite direction to that in the azimuthal quantum number. As 
we have p, < py < pz it follows that in the principal series the triplet 
will decrease in intensity towards the longer wave-lengths, the opposite 
being the case for the sharp triplets. 

In the diffuse series involving the combination p,; — d,;, the 
azimuthal quantum number transition is 3 > 2, and consequently 
we have three strong lines given by the inner quantum number tran- 
sitions 3 > 2, 2-1, and I 0, that is to say, the combinations 
Pi — 44, Py — dy, and ps — dz. Similarly, the combinations p, — dg 
and py — dz give less strong lines since in these the inner quantum 
number undergoes the transitions 2->2 and I1->1. The combina- 
tion p, — dg gives a weak line since the inner quantum number tran- 
sition I->2 is in the opposite direction to the transition in the 
azimuthal quantum number. The three combinations p, — a), 
p3 — dy, Ps — d, are forbidden by our selection principle, since they 
involve transitions in the inner quantum number which are greater 
than unity, namely 3 > 1, 2 +0, and 3 +0, respectively. 

As may be seen from Fig. 5, exactly similar results are obtained 
in the fundamental series d; — f;. We therefore see that in a diffuse 
series of doublets only three lines are possible out of four algebraic 
combinations, and that in a diffuse series of triplets only six are 
possible out of nine algebraic combinations. This agrees entirely 
with the observed facts. 

Sommerfeld also considers some of the more complex combinations 
in the light of the conception of the inner quantum number, and two 
of these may be mentioned. In the first place, we have the combina- 
tions between the triplet and simple terms which occur with the 
divalent elements and these are represented schematically by the 
energy level diagram shown in Fig. 6. 

By observation we know that the following combinations are 
permissible, (Spy), (Pd), (Pds), (PD), (P2D), whilst the following com- 
binations do not occur and therefore must be forbidden, (Sp,), (Sps), 
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(Pd,), (psD), and the question arises as to the values of the quantum 
numbers of the simple terms which exclude the latter four combi- 
nations. There can of course be no doubt about the azimuthal 
quantum numbers, which must be 1, 2, and 3, for S, P, and D respec- 
tively. The fact that certain combinations are forbidden indicates 
that the inner quantum numbers of these terms must be effective. 
Landé? assigned the values 7 = 0, 1, 2 for S, P, D, and this at once 
explains why the combinations (Sp,), (Pd,), and (p,D) are forbidden, 
since they involve the transitions in the inner quantum number 2 -> 0, 
3 > I, and 2 +0 respectively. 

A difficulty arises in connection with the exclusion of Sp, which 
involves the transition 0->0. In order to explain this Landé stated 
that this transition does nat give a less strong line as our rule of 
intensity leads us to expect, but that it must not occur at all. The 
intensities of the permitted transitions are indicated by the thickness 


PR t 
3 


3 2 
I 
2 
2 
| 
2 Ps 0 
I 
1 0 
Fic. 6. FIG. 7. 


of the arrows, and these agree entirely with those that have been 
observed. 

A second most interesting case is that afforded by the complex 
triplet system first noted by Rydberg in the spectra of calcium and 
strontium. These are due to the combinations (p,;p,*) and (d,d;*), 
where p; and d; are the normal principal and diffuse terms which 
together give the composite diffuse triplets. Since the azimuthal 
number of d; and d,* is 3, and that of p; and p,* is 2, the combinations 
(d,d;*) and (p,p;*) contravene the selection principle affecting the 
azimuthal quantum number, this principle as stated above restricting 
the transitions tok >k + 1.2 
» The diagrammatic scheme of levels of the (d,d;*) group is shown 
in Fig. 7, the d,*-levels being drawn above the d,-levels, since they 


1 Phys, Zettsch., 22, 417 (1921). 

2 The occurrence and explanation of these so-called ‘ asterisk”? terms will be 
discussed later (see pp. 202 and 290), ‘The transitions involving A& = 0 are 
only possible when there is a simultaneous change in the atomic trunk, 
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are the initial levels. The permitted and forbidden transitions are 
shown as usual by the full and dotted arrows, the azimuthal quantum 
numbers being shown on the left, and the inner quantum numbers on 
the right. Two transitions are possible to d,, namely d, — d,* and 
d, — d,*, whilst the transition d, — d3* is forbidden, since it involves 
an increase of two units in the inner quantum number. None of the 
three possible transitions with d, as the final level are forbidden, and 
the same is true of the two transitions d, — d,* and d,; — d,*. On the 
other hand, the transition d, — d,* is excluded because it involves a 
decrease of two units in the inner quantum number. 

The relative intensities of the spectrum lines given by the per- 
mitted transitions are of considerable interest. The transition in the 
azimuthal quantum number is 4k = 0 and consequently those transi- 
tions in the inner atomic number for which 47 = 0 must be regarded 
as taking place in the same direction as the transition in the former. 
It follows that in the present case the strongest lines will be given 
by the three inner quantum number transitions 3 > 3, 22, and 
I -> 1, that is to say, the combinations d, — d,*, d, — d,*, ds — dg". 
Less strong lines will be given by the combinations d, — d,*, d, — d,*, 
d, — d,*, and d, — d,*, where the transitions in the inner quantum 
numbers are 2 > 3, 3 > 2, 12, and2-—~1, respectively. It follows 
from this that the structure of the composite triplet will consist of 
three principal lines, the two outer components having each a single 
satellite, and the middle component having two satellites. The 
satellites to the two outer components will be situated on opposite 
sides of their ‘“‘ parent ”’ lines, whilst the central component will have 
a satellite situated on each side of it. This structure is fundamentally 
different from that of the normal composite diffuse triplets exhibited 
by the alkaline earth metals. 

The combinations (p,p,;*) also shown by these metals are analogous 
to the (d,d,;*) combinations just described, but owing to the difference 
in the inner quantum numbers there is one essential difference. Ina 
triplet p-term the inner quantum numbers are 2, I, 0 instead of 3, 2, I 
as in the case of the diffuse triplet term (see Fig. 5). We have, 
therefore, in the present case the combination p, — p3*, which involves 
the transition in the inner quantum number 0->0. It was noted 
previously on p. 117 in the case of combinations between single and 
triplet terms, that the transition S — pg does not occur and in order 
to explain the absence of this line Landé stated that the transition 
O -> 0 in the inner quantum number must be excluded. Now the line 
due to the transition p; — p,* in the present case does not occur, that 
is to say, once again the transition in the inner quantum number 0 -> 0 
is excluded. The special convention set up in the previous case is, 
therefore, found to hold good under quite different conditions. As the 
result of the exclusion of the line due to the combination ps — pg*, 
the complex triplet (p;p,;*) consists of 2 + 3 + 1 lines, whereas the 
complex triplet (d,d;*) consists of 2 + 3 + 2 lines, the normal complex 
diffuse triplet consisting of 3 + 2 + 1 lines. 


SERIES OF LINES IN SPECTRA 119 


The evidence here set forth leaves little doubt as to the reality 
of the inner quantum numbers, although, as far as we have been able 
as yet to develop them, there still remains an element of empiricism 
about them. It might be thought indeed that the whole idea of the 
inner quantum number is an ad hoc conception, remarkably successful 
though it undoubtedly is in offering an explanation of doublet and 
triplet systems of series. 

As a matter of fact, however, this theory of Sommerfeld’s is one 
of the most important of all the results which have accrued from the 
Bohr theory. Not only does it form an integral part of the theory 
of the Zeeman effect, which indeed owes its complete solution to 
Sommerfeld’s conception of the inner quantum number, but, when it 
was found that series systems exist of far greater complexity than 
the simple doublets and triplets we have had under review, these at 
once found their explanation by the inner quantum number, and the 
Sommerfeld theory was placed on a firm physical basis, thereby losing 
the element of empiricism to which I have referred. This could not 
have been achieved had it not been for the discovery of the more 
complex series systems, and for this reason I view the work by 
Catalan on the structure of the spectra of manganese and chromium, 
which work opened out an entirely new field, as one of the most im- 
portant of all contributions to our knowledge of spectral series on 
the experimental side. Catalan himself extended this work to other 
spectra, and several other experimenters followed his lead, with the 
result that in a very short period of time his initial advance was 
consolidated and the whole question of series systems found a satis- 
factory and, I think, a complete solution. 

Catalan’s Work on the Multiplets in the Spectra of Manganese 
and Chromium.—A great step forward in the elucidation of the more 
complex spectra was taken by Catalan! in Fowler’s laboratory. He 
succeeded in ‘establishing the existence of groups of lines in the spectra 
of manganese and chromium which are very much more complex 
than the groups exhibited by the alkaline earth metals. This work 
has more recently been extended by Catalan himself and others, and 
the importance of it lies in the fact that it has led to a much deeper 
understanding of the phenomena of series architecture and of atomic 
structure. It has in particular enabled Sommerfeld, and after him 
Landé, to place the somewhat empirical notion of the inner quantum 
numbers on a true physical basis, and it has also rendered in the hands 
of Back and of Landé signal service in solving the problem of the 
Zeeman effect. 

In order that a clear perspective of this advance and of its great 
importance may be gained it is necessary to consider Catalan’s investi- 
gations of the spectrum of manganese in some detail, particularly 
with the view of understanding how he arrived at the existence of the 
complex groups. As far back as 1894 Kayser and Runge recognised 


1 Phil. Trans., 223, A, 127 (1922). 
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in the arc spectrum of manganese five triplets which they assigned in 
part to a sharp series and in part to a diffuse series. 
in extending these series and in recognising the corresponding principal 
The wave-lengths and wave-numbers of the lines 
of what may be called, in view of what follows, the ordinary tr‘plet 


series of triplets. 
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series of manganese are given in Table XLV. 


TABLE XLV. 


Catalan succeeded 


THE ORDINARY TRIPLET SERIES OF MANGANESE. 


A. 
— 4823°522 
— 4783°432 
— 4754:048 


15263°1 


7646°34 
7651-91 
7056°24 


6315:064 


1p) = 

r. 
4823°522 
4783°432 
4754048 


3178°508 
3161°055 
3148-192 


2818-09 
2804°35 
2794°23 


2670'22 
2657°88 
2648-79 


2595°77 
2584°12 
2575°51 


4123209 


Principal, 1s — mp. 


Is = 20506°13. 


— 20725'96 
— 20899:67 
— 21028-85 


6550°0 
13074°56 
13065°04 
13057°66 


15830°78 


Sharp, ip — ms. 


Ip, = 41405-80 


207 25°96 
20899'67 
21028:85 


31452°24 
31625°87 
31755°09 


354748 
35648°3 
SwiTes 


37439°0 
37612°8 


37741'8 


38512°7 
38686°4 
388156 


mM. 


4? 


MP, 23 


4123209 
4140580 
4153408 « 


13956°1 
743157 
7441-09 
7448°47 


4675°35 


Ips = 41534°98 


173°71 
129'18 


173°63 
129:22 


a) 
NN 


Ow 
ie meal 


173°8 
129:0 


173°7 
1292 


m. 


51(¢) 


ms, 


20506'13 
9779°89 


5757°4 


2719°4 
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Diffuse, 1p — md. 


A. Int. m. 
3570°034 7R 2800297 8 
3569°798 9R 2800482 % 5 md, = 13224'93 
3569°499 10oR 28007°16 ey 


WiSe7e Wty — 13 227-27 
3548180 = 75R —-28175-44 oe; ; 
3548-024 8R 28176°68 ai md, = 1322912 2 
3547°792 8 5R 2817852 4 

129°17 md, = 13230738 
35327110 8R 28303°68 : jane 


3531-990 7°8R 28304°58 oe mad; = 13231-30 
3531833 7°5R —-28305-85 ag ; * 
2940°51 7% — 33997°8 173° 
2925°59 6n 34171°2 ee 7234°7 2 
2914762 6% 34299°8 
2726°15 4n 36670°9 “Gel 
2713°35 3m 36844018 45618 4 
2703°98 30 36972°6 i 
262480 2 38086-7 , 
2612786 2 38260°8 oe 3145°3 5 
2604°21 I 38389°4 2 
Fundamental, 2d, — mf. 
A. m. mf. 
15964°9 62620 3 6962°9 
11377°9 8786°6 4 4438°3 
Combination lines. 

NG Int. Cale. 
3064°624 I 27280°18 Ip, — 2p = 272760 
3642°662 I 27444°05 Ip, — 26 = 27449°7 
7383°59 I 13539°82 Is — 3f = 13543°2 


As can be seen three members of the sharp series of triplets (1p — ms) 
have been identified and the wave-number differences are 173:7 and 
129-2 respectively. In the diffuse series 1p — md the complete triplet 
consists of nine lines, which, however, have only been identified in the 
case of the first member. Some difficulty was caused by the fact that 
the lines are grouped together in sets of three, and in each set the 
lines are very close together. Furthermore, the lines are very diffuse, 
with a strong tendency to reversal, so that their resolution is diffh- 
cult. The best results were obtained by the use of carbon poles with 
a small quantity of a manganese salt, in order to guard against the 
reversal by the surrounding vapour. It will be noticed that the 
d-term is five-fold instead of three-fold as in the case of the alkaline 
earths. The structure of the first diffuse triplet may be represented as 
follows :— 
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75R 8R 8R 
28305°85 1:27 28304:58 0:90 28303°68 
129°17 129714 
8:5R 8R 7°5R 
2817852 1:84 2817668 1:24 28175°44 
173°70 173°71 


10oR oR WR 
28007'16 2°34 28004°82 1:85  28002:97 


The intensities are given above each component and the small numbers 
express the wave-number differences. 

From the sharp and diffuse series the lines belonging to the 
principal and fundamental series of triplets, together with the three 
combination lines, have been identified, as shown in the table. 

In the arc spectra of the metals of the alkaline earths there exist 
the singlet series and also certain inter-combination lines formed by 
combinations of the singlet with the triplet terms. Amongst the latter 
the lines 1S — Ip, and 1S — Ip, are of particular importance, the 
combination line 1S — Ip, never being present. -Further, the line 
IS — Ip, is always stronger than the line 1S — Ip, and indeed the 
former in certain cases appears alone ; it has important characteristics. 
In magnesium this line (A= 4571) has long been recognised as being 
especially characteristic of the flame spectrum and it is strongly 
developed in the electric furnace spectrum at the lowest temperature. 
Furthermore this line 1S — Ip, is the resonance line of magnesium, 
calcium, and other elements. 

From these considerations it would follow that if these lines 
IS — Ip, and 1S — Ip, occur in the spectrum of manganese, there 
should appear two lines with separation Av = 129:2 (Ip3 — Ip, = 
129'18) and strong at low temperatures. Calatan found that the 
two lines 
) 5394°677 (7) —_ 18531-65 


B432°5554(5) 1840251 “7 — e014: 


satisfied the conditions, and his conclusions were entirely justified 
by King’s statement ! that these lines are remarkable for their strength 
at low temperatures in the electric furnace spectrum. 

Accepting the allocation of these two lines, we now can evaluate 
the term IS, since 1p, and Ip; are known (see Table XLV.), thus 


IS — Ip, = 1853165, 1S = 18531-65 + 41405'80 = 59937°45 
IS — Ip, = 18402°51, IS = 1840251 + 41534:98 = 59937°49 
Mean 1S = 59937-47. 

With this value of 1S at our command we may now investigate the 


singlet system of manganese, and naturally the first line to be looked 
for is the first member of the principal series of singlets 1S — IP. 


* Astrophys. Journ., 53, 133 (1921); see also vol. ii., p. 62. 
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Now in other elements this line has very characteristic properties, 
being extremely persistent at low temperatures and very easily and 
strongly reversed. When an element is present as an impurity, the 
most probable line to appear is IS — 1P. In many elements the term 
1P has a value not very different from 24000 and consequently an 
approximate value of P(1) may be obtained from the difference 


1S — 1P = 60000 — 24000 = 36000 -or A= 2780. 


There is no single line in the manganese spectrum near this wave-length 
having the specified characteristics, but there is a strongly reversed 
triplet, namely, 


A yy, 
2794822 (10R) 35769:94 ees 
2798-273 (gR) 3572582 4 — 441 
2801:076 (8R)  35690-07 = 35°75 


This group is found as an impurity in many other spectra and conse- 
quently Catalan was convinced that they represent the term 1S — IP. 
Considered as the first member of the sharp series this triplet should 
be negative, that is to say, the weakest line will be.on the red side 
and this is actually the case. There should exist therefore additional 
triplets of the sharp series with separations of 44:1 and 35:75. 

Paulson t and Meggers and Kiess 2 noted the existence of the wave- 
number difference 35:8 in the spectrum of manganese and Catalan 
gives the following triplets :— 


A. 
732655 


7302-92 
7283:80 


Uz Av. 
7) 1364525 ; 
6). 13680138. eS 
6 rdgpeeaie eos 


1831844 A 
1827433 ‘3! 


5470°640 (8) aay 
)  18238-48 35°85 


| 
5457°468 
5481-395 ( 
The intensities of the lines of the second triplet are not in the usual 
order and, as will presently be shown, they form part of a more com- 
plex group which also includes two more lines at A = 5505-877 and 
5516773 with separation of 35-86. 

Another triplet was found with normal distribution of intensities 
as follows :— 


NG Vv, Av. 
6605'546 (3) 1513462 44-17 
6586-357. (2) 1517879 35-80 
6570°830 (2) 15214°59 ny 


1 Astrophys. Journ., 40, 300 (1914). 
2 Bureau of Standards, Sc. Papers, No. 372 (1920). 
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Assuming that the first triplet at A = 2795, 2798, and 2801 is 1S—IP,, 
then from the value 18 = 59937°47, calculated above, we have 


IP, = 59937°47 — 35769°94 = 24167°53 
IP, = 59937°47 — 3572582 = 24211-65 
1P3 = 59937°47 — 35690:07 = 24247-40 


It is obvious that all triplets having separations of 44-1 and 35-8 must 
be combinations of 1P,; with unknown terms x, y, g, etc. Calculating 
the values of these terms from the triplets given above, we have 


15134°62 = 1P,— % *== 9032-01 
1517S-70 = IP, 3% ae 5032-86 tMean == 9032-80. 
15214°50= 1P,— 4% 2% = 6032-61 


13645°25 = IP, — yy = 10522:28 
13689:38 = IP, —y y= 1052227 b Mean = 10522-21. 
13725°33 ==1P, — y- Vi==.10522:07 


Now the two terms 1S = 59937°47 and x = 9032:86 may be, from 
Rydberg’s tables, two non-consecutive terms of the same series with 
another term between them of approximate value 18500. If this is 
the case the second triplet member 1P; — 2S would be situated at 
about 

24200 — 18500 = 5700 or A= 17540. 


A strong line at A = 17607°5 was observed by Randall and Barker + 
and there is little doubt that this is a line of the second triplet of the 
sharp series. In all probability therefore the term y = 10522:21 isa 
diffuse term, namely, 3D. 

Catalan next deals with the two narrow manganese triplets which 
are as follows :— 


A. ve. Av. 
4030-760 (10) 24802:23 oe 
4033074 (9)  24788-01 as 
4034-489 (9) — 24779°31 
6021-787 (10) 16601-78 Aree 
6016-636 (9) —-:16615-99 oe 


6013°484 (9) 16624°71 


The first of these is a negative triplet and is thus similar to the 
triplet 15 — 1P,. It also is very strong in the flame spectrum and is 
usually reversed in the are spectrum. King? drew attention to 
the extreme persistence of these lines and to the fact that they occur 
very generally as impurity lines in arc spectra. They constitute a 
prominent low temperature group and it is evident that they show 
many analogies to the triplet 1S — 1P,. 


1 Astrophys. Journ., 49, 59 (1919). a Lot. cit. 
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The difference between the wave-numbers of the first line of the 
present triplet and the first line of 1S — 1P, is 


3576994 = 24802:23 — 10967-71. 


This difference is very nearly the same as that between the line 
1P — 2S (A = 17607°5) and the first line of the second triplet given 
above (A = 6021-787), namely, 


16601-78 — 5677-9 = 10923:9. 


That this is not a mere coincidence is shown by the fact that when all 
the triplets with separations 44-1 and 35-8 are tested, the following 
results are obtained. The first line of the triplet 1P—3S (A=6605-546) 
gives 

L5034°02.- 100077 = 20102*3, Or “)\i== 3620-00, 


There is a line at A = 3829-987 which forms the first line of the follow- 
ing triplet :— 
A. vy, Ay, 
3820-087 (2)  26102°37 
3827:904 (1) 26116-57 
3826:698 (1) 26125:28 


14:20 
8°71. 


Clearly these separations are the same as those of the triplet at 
A = 4031, 4033, and 4035. . 
Again, the first line of the triplet 1P — 3D (A = 7326-55) gives 


13645'25 + 10967'7 = 24613:0, or A= 4061-74. 


There is a line at A = 4061:744 which forms the first line of the 
following triplet :— 


ne Hs a 
4061-744 (3) 2461303, 1,4, 
4059°399 (2) 24627-2603 
4057°959 (2) — 24635-99 : 


In Table XLVI. are given the two parallel systems of triplets, the 
first lines of the two systems being separated by C = 10967:75. 
Catalan draws attention to the fact that this number is remarkably 
close to 1/1oth of the Rydberg constant N = 109678:3. 


TABLE XLVI. 


Tur Two PARALLEL SYSTEMS OF NARROW TRIPLET SERIES. 


Principal, 1S — mP. IS = 59937°47. 
» Int. m, MP , 9, 3 
2794:822 10 35709°94 44'12 24167'53 
2798:27 3 9 35725°02 35°75 242 5 


2801-076 9 35090°07 24247°40 
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TABLE XLVI.—Continued. 
Principal, 18 — (mP + C). 


ONY Int. m. Shift number C, 
4030°760 10 2480223 oes 10967°71 
4033°074 9 24788-01 ie I 
4034°489 9 24779°31 


Sharp, 1P — mS. 
TR —s2 410753 WP as Alen ter LP, — 2424740 


Rs Int. m. mS. 
— 2794°822 10 — 35769°94 ee 
== 2708:273. 45 On 1) = 4572532 eee, I 59937°47 
— 2801:076 9 — 35690'07 35°75 
(5644°0) gay 

17607°5 ae 35°8 2: 18533°50 

6605546 3 15134°62 ae 

6586°357 2 mS17870) 9 SF pra n 30 = Oos2 8g 

6570°830 2 15214°59 35 


Sharp, (1P + C) — mS. 


Np Tut. m. Shift number C. 
— 4030'760 10 — 24802:23 : 10967°71 
= 4033074 9 “= 2a7eson 7 8 a 
— 4034°489 9 — 24779°31 
6021°787 8 16601°78 : 10967: 
6016+636 8 1661599 pee 2 ie 
6013°489 i 16624'71 fhe 
3829:987 2 2010237 ‘ 10967° 
3827-904 BOLO 7s aoc eas ee 
3826:628 I 26125:28 ee? 


Diffuse, 1P — mD. 
1 P24 107-53 TPS = 14211-65 1P, = 24247°40 


ie Int. m, mD, 
7326°55 7 13645°25 ‘i 
7302°92 6 13689:38 ne 3 2 10524:27 
7283-80 6 372638 (79 


Diffuse, (1P + C) — mD. 


N,, Int. m. Shift number C, 
4061°744 3 24613°03 ; 10967°78 
4059309 2 24627°20 1833 
4057°959 2 24635°99 3 


The Multiplets of Manganese.—Catalan next deals with the occur- 
rence in the manganese arc spectrum of line systems which are even 
more complex than the diffuse triplets already described. As will be 
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shown these line systems form groups with a definite structure and he 
assigns to them the name of multiplet. The first instance of this type 
of regularity was found in the blue region where there are many lines, 
and the nine most intense of these present the appearance of a diffuse 
triplet but with the satellites in the wrong order. The group contains 
the lines given in Table XLVII. 


TABLE XLVII. 


Xx, Vy. Class (King), 
4455:019 (6) 2244032 IU 
4455°320 (6) 22438°80 Ill. 
4455°820 (5) 22436°29 III. 
4457°041 (5) 22430°14 Il. 
4457°553 (6) 22427°56 = 
4458°263 (6) 22423°99 Il. 
4460°376 (3) 22413°37 = 
4461-089 (6) 22409'84 Ill. 
4462-033 (8R) 22405°85 Ill. 
The multiplet has the following structure :— 
22436°29 2°51 2243880 1°42 22440:32 
8-73 8:66 
2242309 3°57 22427°56 92°58 = 22430°14 
14°15 14°19 
22405°05 4°80 22409°84 3°53. 22413°37 


The separations 14:19 and 8-73 are the same as those of the series 
of narrow triplets previously described. The first line (A = 4462-033) 
was tested with the constant C = 10967:75, thus 

22405:05 — 10967:75 = 11437:30, 
There is a line at A = 8740-91 which forms the first line of the multiplet 
of nine lines which is given in Table XLVIII. 


A = 8740-92. 


or 


TABLE XLVIII. 


A. Vv. 
8670:85 (2) 11529°71 
8672-08 (2) 1152809 
8674:01 (2) 11525°53 
8699°13 (2) 11492°2¢ 
8701-04 (2) 1148972 
8703°73 (3) 11486°17 
8734°64 (1) 11445°53 
8737°29 (2) 11442°05 
8740°91 (3) 11437°32 


The structure of this multiplet is as follows :— 


T1§25'53 ~ 2°56 Ir528'o9 1:62- 1152971 
35°81 35°85 
1148617 3°55 11489°72 2°52 I11492-2 
44°12 44°19 
1143732 4°73. -11442'05 3°48): 11445°53 
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Here we find the separations of 44:1 and 35°8 previously noted 
in the case of the first system of narrow triplets given in Table XLVI. 
The separation of the first lines of these two multiplets is identical with 
that between the two systems of narrow triplets. The smaller 
separations are doubtless the same in the two multiplets— 


Separations. 
Blue multiplet. : . 4°80 2°57 2°51 1°42 
353.5 0255 
Extreme red multiplet . 73 3°55 2°56 1-62 
3°48 2°52 


Mention was made above of the pair of lines at A = 5505-877 and 
5516-773 with separation 35-8, and of the negative triplet at A= 
5457°468, 5470-640, and 5481-395 with separations of 35:8 and 44:1. 
Catalan shows that these lines belong to the multiplet of nine lines, 
shown in Table XLIX. 


TABLE XLIX, 


A. Vv. Class (King). 
5341:070 (10) 18717'64 TILA 
5407°432 (6) 18487:97 TIT.A 
5420:368 (6) 18443°82 Ie 
54577408 (3) 18318°44 ILA 
5470°640 (8) 18274'33 TEAS 
5481-395 (6) 18238-48 ILA 
5505°877 (4) 18157-38 HA 
5516:773 (7) 18121°52 Ill.A 
5537°749 (8) 18052:88 IBBE. 


which has the following structure :— 


1823848 116:96 18121:52 68-64 18052:88 


35°85 35°86 
1844382 169°49 18274:33 116°95 18157:38 
44°15 44°11 


18717:64 229°69 18487:97 169°53 183184 


The first line of this multiplet is tested with the constant difference 


C = 10967:75 and, remembering that the original triplet component 
was negative, we have 


— 18717-64 + 10967:75 = 774989, or A=  12899'9. 


Two lines at A = 12899-7 and 13294-1 were observed by Randall 
and Barker? and the separation is 229-9. This pair forms the basis 
of another nonet, of which however only six lines as yet have been 
observed. These are given in Table L., Randall and Barker’s values 
being reduced to the international standard. 


et Bharata Je 
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TWANIBIOIO, 1D, 

A. Vv. 
12899°7 (80) 7750'0 
132941 (50) 7520°1 
13317°9 (30) 7500°7 
13625°7 (200) 7337°1 
13863'8 (100) 7211°1 
13997°0 (120) 7142°5 


The complete scheme of the multiplet is as follows :— 


(7328°3) 1722, 72 1080) 7iqzes 
8-8 8-8 
7506'7. = 169°6 7337°1 117'2  (7219'9) 
13°4 I4°1 
7750°5 2299-75201 168-9 (7351-2) 


Now the two lines at A= 4018-108 and 4055-553 have separation of 
229-7, and in this region there are altogether nine lines which can 
be grouped together with the four separations 229-7, 169-5, 116-9, and 
68:6. The complete multiplet is, however, more complex than those 
already described and consists of thirteen lines which are all of the low 
temperature type. They are given in Table LI. 


TABLE LI. 

A. V. Class (King). 
4018-108 (8) 24880:32 Ni 
4035°730 (5) 2477 1°69 I 
4041°306 (10R) 24737715 i. 
4048:760 (4) 24691°97 Ue 
4055°553 (8) 24650°62 I, 
4058-936 (2s 24630°02 Jie 
4063°533 (4) 24602°18 i 
4068-029 (2) 2457501 — 
4070:280 (2) 24561°43 I 
4079'245 (6) 24507°44 I. 
4079°428 (6) 24506°34 I. 
4082-947 (6) 24485°22 I. 
4083°639 (6) 2448107 I, 


The structure of this multiplet is as follows :— 


24630°06 68:63 24561°43 


55°95 55°09 
24691'97 16°96 2457501 68°67 24506734 
89°79 59°79 
24771°69 169°5T 2460218 116°96 24485:22 


12107 T2I‘I3 
24880°32 229°70 24650°62 169°57 24481°05 
143°17 14318 
24737°15 220°71 24507°44 
In addition to these multiplets which include all the recognised con- 
stant wave-number differences in the manganese are spectrum, 
Catalan discovered other multiplets and these may now be detailed, 
VOL. III. 9 
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together with their structures. In the first place, we have one of 
nine lines given in Table LIL. 


TABLE UII. 

ING y. Class (King). 
3044°573 (6) 32835°76 III. 
3054°836 (5) 32730°31 III. 
3062°132 (4) 32647'52 ILI; 
3066:035 (3) 32605'97 IO, 
3070-290 (5) 32560°77 III. 
30737144 (4) 32530°54 _ ii. 
3079°638 (5) 3240195 IV. 
3081°347 (4) 3244394 IV. 
3082-062 (2) 32430°42 — 


with the following structure :— 
32647°52 116°98 32530754 68:59 32461°95 
86:60 


86°75 
32730°31 169°54 32560°77 116°83 32443°94 
124°34 124°35 


32835'76 229°79 32605°97 169°55 32430-42 
We next have a multiplet of fifteen lines given in Table LIII. 


TABLE RSL TIN, 
Ne vy. Class (King). 
3776°537 (1) 26471°79 ae 
3790°215 (3) 26376°19 III. 
3799°256 (2) 26313°49 Ill. 
3806866 (10R) 26260:93 ibe 
3809599 (6) 26242:07 ile 
3816°746 (2) 26192°93 IGA 
3823°515 (gR) 26146°50 10 
3823°896 (5) 26143°94 I. 
3829:°674 (2) 26104°50 Ill. 
3833°864 (6) 2607 5°92 Il. 
3834°363 (SR) 26072°58 LT. 
3838-329 (2) 26045°64 = 
3839°777 (4) 26035°82 II. 
3841-081 (5) 26026°97 th. 
3843985 (4) 26007°31 I. 
having the following structure :— 26045°64 
9°82 
2610450 68:68 2603582 
28°58 28°51 
26192°92 I17:00 26075:92 68:61 26007:31 
48-98 48-95 
26313°49 169°65 26143°94 116:°97 26026-97 
71°42 71°36 
26471°79 229°72 26242:07 169:49 26072°58 
95°52 95°51 
26376°27 229°71 26146°56 
115°34 
2626093 


Lastly, there remains the multiplet of thirteen lines given in Table 
LIV. 


1 This line was first measured by Catalan. 
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TABLE LIV. 
Xr. Vv. Class (King). 

3206°915 (3) 31173°64 IV. 

3212°897 (6) 31115°60 Ill. 

3226:043 (2) 30998'81 IV. 

3230°725 (3) 30943°90 IIT. 

3230°787 (6) 30885 °94 i 

3240°624 (3) 30849°38 IV. 

3243°784 (4) 30819°32 Ill. 

3248-521 (4) 30774°38 It. 

3251°139 (3) 30749°60 IV. 

3252°954 (4) 30732°45 IIT. 

325607141 (4) 30702°36 Ill. 

3258-417 (4) 30680:92 Ill. 

3260:237 (4) 30663°80 Ill. 
with the following structure :— 30749°60 68:68 30680-92 
17°15 D712 
30849°38 116°93 30732°45 68:65 30663-80 

30°06 30°09 

30988°81 169°49 30819732 116°96 3070236 

44°91 44°94 
31173°64 229°74 3094390 169°52 30774738 
58:04 57°96 


31115°60 229:06 30885-94 


The nine multiplets and their characteristic separations are assembled 
in Table LV. 


TABLE LV. 
| : Non- 
No. of Triplet a ‘ ‘ a 
Limiting A. lines. | separations. Separations. eereer ast Remarks. 
14°2, 44°1 | 4°8, 3°5, 229°7, 169°5 
8-7, 35°8 | 2°5, 1°4, 116°9, 68-6 
PhO BASSE 3 i‘ eee 
S741 — 8671 9 x x = 2098777 
| | 
5538 — 5341 | 9 ‘ ij es 
| ( = 10067°7 
13997 — 12900 | 9 x: x OO a 
BOSOl 3575. 9 x 162, 103 
| 
4084 — 4o18 | 13 x 143, 121, 
| 89, 3 | 
3082 — 3045 | 9 x 124, 86 | 
3844 — 3777 | 15 x 115, 95, | 
71, 48; 
28, 10 
3260 — 3207 | 13 58) "44, 
30, 17 


130 SPECEROSCOPY, 


Catalan observed certain other groups of lines in which the same 
separations occurred more than once. The only one that need be 
mentioned here is a group of ten lines which shows the four separations 
of 229-7, 1695, 116°9, and 68-6, and these are given in Table LVI. 


TABLE LVI. 

A. Vv. Class (King). 
3240°408 (3) 30851°44 BUN, 
3254°'040 (2) 30722°19 TVe 
3264°713 (4) 30621°76 iT. 
3278°553 (3) 30492°49 IV. 
3296-029 (2) 30330°83 Ve 
3296°884 (3) 30322°97 IV. 
3308-791 (3) 30213°83 = 
3316°324 (3) 30145°32 IV. 
3343°728 (2) 29898'18 We 
3351-427 (1) 29829°50 — 


This group overlaps the last multiplet described above, but no relation 
between the two has been found. The relation between the lines of 
the present group may be shown as follows :— 


30851'44 229:68 30621-76 
30722'19 229°70 30492°49 169°52 30832'97 
30330°83 117:06 30213°83 68°51 30145°32 
29898-18 68-68 2982950 


Catalan next deals with the enhanced spectrum of manganese, and 
it is interesting to note that he was able to detect triplets and a multi- 
plet which are strikingly similar to those found in the spectrum of the 
neutral manganese atom. In the first place, there are present in the 
spectrum of Mn* three very prominent lines, which exhibit them- 
selves as fairly strong lines in the are spectrum, but are considerably 
strengthened on passing from the are to the spark. The behaviour of 
these lines, moreover, in the electric furnace spectrum is very different 
from that of the diffuse arc triplet 1p — 3d. The enhanced triplet is 
as follows :— 


A VY, Av, Class (King). 
2949°207 (10) — 33897°54 ; IV. 
14:08 
2939°315 (9)  34011-62 Ne 
72°45 


2933066 (8) —34084-07 


There are two other strong triplets in the ultra-violet, one of which 
consists of three lines which are fairly strong in the arc spectrum 
and strongly reversed in the spark spectrum. This is a negative 
triplet as shown by the following measurements :— 


SERIES OF LINES IN SPECTRA 133 


A YY Av. 
2576-116 (10R) +33806-52 
263°58 
2593734 (9R)  33542-94 
176-91. 


_ 2605-695 (9) 33306-03 


The other triplet is of the diffuse type and consists of nine lines as in 
the case of the diffuse triplet of neutral manganese. The component 
lines are given in Table LVII. 


TABLE LVITI. 


A. Vv, 
2427°43 (3) 41183°3 
2427°77y (4) 41177°5 
2427-07 (4)? 4117471 
2437°45 (5) 410157 
2437°92 (3) 41000'1 
243822 (3) 41001'I 
2452°53 (10) 40761°9 
2453°17 (2) 40751°3 
2453°05 (1) 407 43°0 


and the triplet has the following structure :— 
41183°3) 5°38 41177°5 34411741 


L772 176°4 
41015°7 9:6 41006'l 5:0 4I00I'I 
264°4 263°1 
40761'9° 10:6 -40751°3, 83. 40743°0 


The wider separations of this triplet are practically identical with 


those of the preceding negative triplet. 
The enhanced lines given in Table LVIII. constitute a multiplet 


which is very similar to the arc multiplets. 


TABLE LVIII. 


Pie ve Class (King). 
3497°540 (6) 28583°37 V. 
3496'815 (4) 28589-30 Ve 
3495°840 (8) 2859726 ue 
3488-618 (8) 28655:S0 Vv 
3482-918 (7) 2870337 V. 
3474°139 (6) 28775°90 V. 
3474°050 (7 28776°65 V. 
3460°332 (8)> 28890°71 V. 
3441999 (9) 29045°93 V. 


The structure of this multiplet is as follows :— 


28775°90 120:01 28655: 
72°53 


58:63 28597:26 


28890'71 187°34 287 
114:06 I14'07 
29045'93 26928 28776°65 187-35 28589:30 
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The structure and intensity distribution are similar to those in the case 
of the nine line multiplets in the arc spectrum. Moreover, the separa- 
tions 114-06 and 72-53 are identical with those of the enhanced triplet 
at A = 2949, 2939, and 2933. 

Catalan considers that the negative triplet (A = 2576, 2594, and 
2606) is the first member of the principal series Ist — mp* and the 
complex triplet to be a member of the diffuse series 1p* — md*. 
Since the strong enhanced triplet (A = 2949, 2939, and 2933) is com- 
parable in intensity with the narrow arc triplets of the S or D series, 
it is probably a member of the enhanced series S or D. The enhanced 
multiplet shown above, which shows the separations of the last- 
mentioned triplet, seems to be analogous to the arc multiplet at 
A = 5341, which contains the separations of the arc S and D series. 
The evidence therefore led Catalan to the view that the enhanced 
lines form a complex triplet system which is built up on the same plan 
as the are spectrum. 

Although Catalan in his first paper did not complete his investi- 
gations into the are spectrum of chromium, he was able to identify 
three multiplets which are given in Table LIX. 


TABLE LIX. 
Cr multiplet T. Cr multiplet II. Cr multiplet III. 

x. TInt. ye Class. re Int. Ve Class. r. Int. ve Class. 
5247°55 6 190512 I. | 3883-33 10 25743°8 I. | 4337°58 20 230479 I. 
5264718 6 189910 I. | 3885-21 8 257314 I. | 4330°46 20 23037-9 I 
5205-73) 0) 18985:5. lea 3886:77 1S 25721 On lee 4330;7 40a ceca uml 
5296°69 «65 ~=—18874"4 I. | 389405 7 25673°0 I. | 4344:52 25 2301171 I 
5298:29 7 188687 I. | 3902-90 6 25614:8 II.? | 4351-05 15 229765 I 
5300-71 4 1886072 J. | 3903-14 § 2561373 II. | 4351-85 4o 22072-5 1. 
5345°80 7 187011 I.) 3908:76 10 ©625576-4 II. | 4359°65 20 22931-2 I. 
5348:31 - 6 18692°37 T5|3016:26 so) 255273 I 4s7i-s1 e20 22870 ie 
540981 8 18479°8 I. | 3919°17 12R 25508-4 II. | 4373-25 6 22859-9 I. 

3921:06 9 25496'1 I. | 4384:908 20 227987 I. 
3928°67 10 25446-7 I. | 4391-76 6 22763-4 I. 
3941°52 10 6253638 I. | 4412-27 6 22657-7 I.A. 


The structure of the first multiplet is 


18874°4 1166 18991°0 60:2  19051:2 


Ser 5:5 
I87ol'l 167-6 18868:7 116:8  18985°5 
8:8 8:5 


18479°8 212°5 18692:3 167-9 18860-2 


This multiplet contains the separations 8-5 and 5:7 of the series S and 
D, and also four separations which are remarkably close to the four 
important separations in the manganese spectra, thus :— 
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Gis 212°5 167°8 116-7 60:2 
Mn 220°7 169°5 116-9 68-6 
Mnt 269°3 187-3 120-0 58:6 


These four separations also occur in the second multiplet of chromium, 


which has the structure 


25496'l 117-2 256133 59°7 25673-0 
118-7 118°1 
25446°7 168-1 25614°8 116°6 25731°4 
129°7 1290 
253638 2126 255764 167-4 25743°8 
144°6 144°6 
25508:4 212°6 25721-0 


Many other lines are mixed with this multiplet, but only one of 
these (A = 3916-26, v = 25527-3) belongs to class I., but Catalan has 
not found that it has any connection with the multiplet, although he 
includes it in the list of the lines given in Table LIX. 

The structure of the third multiplet is as follows :— 


22859°9 116:°6 22976°5 59°9 = 230364 
713 714 

22763°4 167°8 22031:2 1167 23047°9 

106°7 106°7 
22657°7 212:4 22870:1 167°8 23073:9 
141-0 141-0 
22708°7 2124 230111 
173°8 
22972°5 


An important result of this advance made by Catalan is that it 
affords undoubted evidence that the individual spectral terms in the 
case of manganese and chromium are more complex than in the cases 
already dealt with in which the maximum complexity was found to be 
three-fold. The most complex structure hitherto considered is that 
of the diffuse triplets of the alkaline earth metals formed by the com- 
bination of three-fold p- and d-terms, as already described and ex- 
plained by Sommerfeld with his conception of inner atomic numbers. 

Catalan’s discovery of still greater multiplicities has enabled 
Sommerfeld not only to allocate the manganese multiplets to their 
respective series, but also to extend and identify the inner quantum 
numbers.! Before we deal with further experimental work which has 
been done on the multiplets and series relations of other elements, it 
is advisable for our better understanding of this work first to consider 
Sommerfeld’s extension of his inner atomic number conception and 
also Landé’s valuable contributions to this very fascinating extension 
of the simple series relationships which we have already reviewed. 
To this may also be added an account of the most recent experimental 
work on the intensities of the lines composing the multiplets. This 
will then permit us to take cognisance of later work on the multiplets 
occurring in the spectra of other elements. 


1 4nn, der Phys., 70, 32 (1923). 
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The Physical Basis of the Inner Quantum Number.—In order to 
follow Sommerfeld’s next step we may first restate the general theory.* 
In order to define any individual spectrum line it is necessary to invoke 
three quantum numbers, namely (1) the azimuthal quantum number 
k; (2) the principal or total quantum number n, and (3) the inner 
quantum number 7. It is now customary to use the total quantum 
number as the result of Bohr’s later work referred to on p. 107, the 
orbit being defined by the general symbol n,. The azimuthal quantum 
number determines the type of the series to which the line belongs 
(principal, sharp, diffuse, etc), the principal quantum number deter- 
mines the order number of the line within its series, whilst the inner 
quantum number differentiates between the various energy levels 
associated with a single spectral term (singlet, doublet, triplet, etc.) 
This theory was applied above with great success to the simple cases 
of the doublet and triplet series of the alkali and alkaline earth metals. 

As was previously mentioned, as far as the physical meaning of 
the inner quantum number is concerned, this was somewhat empirical, 
and the same can be said of the selection principle as applied to this 
quantum number, namely that only those transitions are possible in 
which 47 = oor +1. After the original paper was published, con- 
siderable advance was made by Landé and by Heisenberg, whose work 
will be more extensively described under the Zeeman effect. It has 
been shown that the inner quantum number multiplied by 4/27 gives 
the total moment of momentum of the atom in the particular state of 
excitation (or at any rate is very closely associated with it). That 
being so it is easy to see that the restriction in the transitions of the 
inner quantum number has a theoretical basis, since Rubinowicz has 
shown that in any change associated with energy radiation the total 
moment of momentum of an atom can only change by + hlaa or zero. 

Catalan’s investigation of the spectrum of manganese was de- 
scribed in some detail above, where it was shown that he found a 
principal series and a sharp series, each of which consists of simple 
triplets. We may conclude from this that, as in the case of the 
alkaline earth metals, the s-term is simple and the p-term is three-fold, 
and for the present assign to these, as previously, the inner quantum 
numbers I and 2, I, 0, respectively. 

On the other hand, the diffuse triplet 2p — 3d does not consist 
of six lines, as in the case of the alkaline earth metals, but of nine 
lines, and the structure of this was explained by the combination 
of a three-fold p-term with a five-fold d-term. The wave-numbers of 
the lines can be assigned to the transitions as follows :-— 


Ze 2 2. 1 oO. Ts 
dy. Ad. ao. Ad. dy. Ad. Gas Ad. ge 
2 py 28007'16 2°34 28004°82 1°85 28002:97 
Ap 173°70 173°71 
fos 2817852 1°84 2817668 1:24 28175+44 
Ap 12917 129'14 
O py 28305°85 1:27 28304:58 0:90 28303:68 


1 Ann, der Phys., '70, 32 (1923). 
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Each of the nine wave-numbers is the result of the combination of 
the p-term on the left with the d-term above it. As can be seen 
Pi < be < ps, and dy < dy << d3 <d,<d;. The same inner quantum 
numbers as before, 2, 1, 0, have been assigned to the p-terms, and to 
the d-terms the inner quantum numbers 3, 2, 1,0, 1. The formal use 
of a negative quantum number is adopted for the moment, because 
these values give the nine lines by combinations which do not transgress 
the selection principle. The only point to be noted is that the tran- 
sition O-» 0, which was previously found to be specially forbidden, 
seems here to occur. This divergence from previous experience, 
together with the negative value of 7, indicates the necessity of a cor- 
rection of the inner quantum numbers as regards their absolute 
values. At the moment there is not enough information at our disposal 
to enable us to do this, and consequently we may provisionally leave 
these values as they are. 

A method of indicating the combinations is shown in Fig. 8, 
in which the combinations occurring in the case of the alkaline earth 
metals are shown to the left of the dotted line. 


al aS: ye 


IN es 
Lx 


0 
3 a S<| ot 
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In view of the magnitude of the differences p, — p, and py — pg 
compared with the four d-differences, the grouping of the lines as 
3-+3-+ 3 at once strikes the eye, but it is also possible to group 
the lines according to the particular d-term to which they belong. 
From this point of view the structure of the complex triplet is given 
by 1+2+3-+2+1. In Fig. 8 is also shown the probable con- 
struction of the combination 3d — nf, for it seems justifiable to assume 
that the fundamental term is seven-fold. As can be seen this member 
of the fundamental series should consist of 1+2-+3-+-3-+3+2+1=15 
lines. 

Some information is gained from a consideration of the intensities 
of the constituent lines of the (pd) combination which for the given 
inner quantum number transitions are as follows :— 


p 2 I O 
mA’ Tago ce 

d 3 2 710 I~oO I 
Intensity TOMO 7 8-5 8 7:5 db ag eee 
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In the first triplet the intensities obey the rule enunciated by Sommer- 
feld and given above on p. 114, the lines of the second triplet also 
obey the rule but less satisfactorily, whilst in the third triplet the 
rule is contradicted. This again emphasises the necessity of the cor- 
rection of the inner quantum numbers, since the rule is rigidly obeyed 
in the triplets of the alkaline earth metals. 

We may next turn to the intercombination lines observed by 
Catalan and first consider the simple S-term which enters into the 
combinations— 


Strongest line. » 1S = 2p,, A = 5394:7 
Weaker line ; 2 “1S —= 2p5, A= 54326, 


the line 1S — 2p, being absent. It may be presumed from this that 
the same is true of manganese as of the alkaline earth metals, and 
that the inner quantum numbers undergo the following transitions :— 
k=I1 S 0 
va 
2 p 2. 5 *0 
Once again, therefore, the necessity for correction becomes obvious 
in order to explain why the transition expressed by 0 + 0 is possible 
in the case of manganese. 

Catalan shows that the combination 1S — 2P, which gives single 
lines with the alkaline earth metals, gives a triplet with manganese. 
The P-term therefore is three-fold and we must necessarily give these 
three terms the inner quantum numbers 1, 0, I, respectively, since all 
three combine with 1S for which z= 0. If we did not do this the 
selection principle would be disobeyed. 

The triplet at A = 4034:5, 4033-1, 4030°8, observed by Catalan, 
Sommerfeld allocated to another principal series 1S — 2P,’, and since 


a7) 
once again all three lines occur, he allocated to the three-fold term 
P,’ the same inner quantum numbers as to P,, namely I, 0, I. 

These two three-fold terms P; and P,’ combine with certain five-fold 
terms which may be indicated by D. Each resulting multiplet consists 
of nine lines and this is analogous to those given by the combination 
(p:d;). Now we have assigned the inner quantum numbers J, 0, I to 
the P; and P,’ terms, and in order to explain the formation of nine 
lines it is necessary to assign to the five-fold D-terms the inner 
quantum numbers 2, I, 0, I, 2. We then obtain the transitions shown 
in Fig. 9, 


1= I ) il 

Pleo eh. 

2 I O I 2 
Fic. 9. 


and in this way only can nine lines be formed without contravening 
the selection principle. 
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Six multiplets of the type PD were noted by Catalan. In the 
following table D and D’ are two five-fold terms having the differences 
DD’, Av= 4:8 3°5 2-6 1-4 
D, Av=229:7 1696 116-9 68-6 


P” and P’” are two new triplet terms :-— 


Combination, 
A= 4455 to 4462 Po: 
Az= 8740 —, 8671 | ea 
A= 5341 ,, 5538 DE 
A = 12990 ,, 13997 DE 
A = 3578 ,, 3630 DP" 
N= Od wen 3002 DP?’ 


The significance of the symbols DP is that the D-term is greater than 
the P-term, the opposite being the case with the combination repre- 
sented by PD. Between the D- and 


D’-terms on the one hand and the ” i. z 
d-terms on the other hand there is a a 2 
remarkable difference. The d-levels are a} ) 
arranged in the usual way, the up- *) a? I 
permost level having the largest inner 

quantum number. The D and D’ are ay ~ 
arranged in the reversed order, since 

the lowest level must have the largest 

inner quantum in order that the selec- ra l 
tion principle be not contravened. This, 

is sufficiently indicated by the scheme pe 0 
of levels shown in Fig. 10. In order to p I 
differentiate between the two types we ‘ 

may speak of them as regular and re- Fic. Io. 


versed terms respectively. 
This differentiation is by no means an arbitrary one, because 
the differences between the levels (4D) decrease with decreasing 
values of 7 in both types. It is therefore possible to determine 
whether a term is regular or reversed by arranging the members of that 
term in a series with decreasing values of AD. In a regular term the 
absolute values of the members increase in that series, whilst in a 
reversed term the absolute values decrease. In addition to the D- 
and D’-terms, the P’’- and P’”’-terms are also reversed. 
We have now finally to consider the (DD’) and the (DF) multiplets. 
In the case of the former we have already fixed the inner quantum 
numbers and consequently can at once write down the transitions as 
in Fig. 11. 
je eB] =e I ) I 
| 
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The multiplet therefore consists of thirteen lines. Catalan recognised 
two groups of this type which according to Sommerfeld are given by 
the combinations (DD”’) and (DD’”’), where D” and D™ are two new, 
reversed, five-fold terms. The values of AD” and AD’” were given 
previously on p. 129 and need not be repeated here. 

The most complicated multiplet observed by Catalan was the one 
between A = 3844 and 3777 containing fifteen lines. He considered 
that this multiplet is given by the combination of a five-fold and a 
seven-fold term, the former being the previously recognised D-term. 
It is obvious that this is not of the (DD’) type owing to the number 
of lines and consequently it must be a (DF) type, since the selection 
principle restricts the transition in the azimuthal quantum number to 
Ak = +1 and it is unthinkable that there should exist a seven-fold 
P term. The inner quantum numbers of the D-term being fixed, we 
must attribute the lines to the transitions shown in Fig. 12. 


pee D 2 I O il Z 
—Xkix<e<py 


HiG.02. 


It may be pointed out that the differences between the successive 
members of the F-term, 


AF =115:3 95:5 71:4 49:0 28:5 9-8; 


are abnormally large for a fundamental term. 

The fact that the spark spectrum of manganese also shows multiplets 
of the type (PD) and that Mn and Mn* exhibit similar spectra in 
contravention of the law of spectroscopic displacement Sommerfeld 
attributed to the position of this element in the periodic table. The 
spectroscopic displacement law at the same time offers an explanation 
of the analogy between the spectra of chromium and ionised manganese, 
which is evidenced by the chromium multiplet of the (PD) type ob- 
served by Catalan at A= 5300. There is also an analogy in the 
chromium multiplets at A = 3900 and A = 4350. Sommerfeld attri- 
buted these multiplets to the (DD’) and (DF) types because the re- 
versed chromium terms have a closer resemblance to the D-, D’-, 
and F-terms of manganese than they have to the d-, d’-, and f-terms. 
Now the chromium multiplet (DD’) at A = 3900 contains only eleven 
lines, whereas the corresponding manganese multiplet contains 
thirteen lines. Catalan, however, points out that a twelfth line 
(A = 3916-26) may well belong to the multiplet owing to its general 
resemblance to the others. Sommerfeld then includes this line and 
asks why the chromium multiplet contains only twelve as against 
thirteen in the case of manganese. He says that clearly this is due 
to the fact that Landé’s special restriction holds good, namely, that 
the inner quantum number transition 0-> 0 is forbidden. He there- 
fore assigns the inner quantum numbers as follows :— 
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te 4. oh De 1 Oo. 
IDES ID, Die De De 
4 D, 255084 144°6 25303'8 ; ; ; 
D 212'6 212°6 
3 D, 257210 144*4 esr 129°7  25446°7 
167°4 1681 
2 1D), 25743°8 129:0 25614°38 118°7 254961 
116°6 Lr7-2 
ii 1B) 25731°4 181 256133 86:0 25527°3 
59°7 
@y 1D 25673°0 


He thus in the case of chromium was able to fix the inner quantum 
numbers, and the transitions are,shown in Fig. 13. 


= D t=A 3 2 I O 
Q 
3 Ie 4 3 2 I 0 

FIG. 13. 


The 0-> 0 transition is dotted in order to show that it is unreal. If 
the transition did take place the wave-number of the resulting line 
would be of course 


25673°0 — 86:0 = 25527°3 + 59:7 = 25587-0. 
We can now find an explanation of the structure of the chromium 
multiplet at A = 4350 which is a combination of the five-fold D-term 


given in the above table and an F-term. The multiplet contains 
twelve lines due to the transition shown in Fig. 14. 


i D 4 3 2 I O 
5 4 3 2 I 


FIG. 14. 


4 


The Absolute Values of the Inner Quantum Numbers.— 
Sommerfeld, in his third paper, agrees with Landé and with Bohr that 
the physical significance of the inner quantum number 7 is to be found 
in the fact that zh/27 is the total moment of momentum of the atom. 
Further, the total moment of momentum is the vector sum of the 
moment 7, of the s-state and the moment 7, of the excitation. 

If now 7 be the permanent number of levels on any system, then 
we have, generally, 


(et PX as es 


where i, in fact is the inner quantum number of the sharp term, which 
is always single and has k= 1. The statement at the beginning of 
the section as to the increase in the number of levels as k increases 
can be expressed as follows :— 


1 Ann. der Phys., '73, 209 (1924). 
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then Imax = t, + 1a; 
(%s — t, when 1, > 1% 
and doin =A ge a rie 0 when i, = %, 
1q¢ — I, When 1, < 1, 


where imax aNd imin are the maximum and minimum values of 7 for any 
given term. Bee eh: ve 

Applying this to systems with uneven multiplicities we obtain the 
scheme for singlet, triplet, quintet, and septet systems as shown in 
Fig. 15. The links indicate the possible combinations. 

The vector summation of 7,and 7, may be indicated by a geometrical 
construction which leads also to the scheme shown in Fig. 15. This 
may be done for the septet system where 7, = 3, and 1, = I, 2, 3, and 
4 for the p-, d-, f-, and g-levels. 

On the vertical straight line in Fig. 16 is marked off the length 03 
to represent the integral value 3 of 4. 
Then with centre 3 and radii 1, = 1, 2, 
3, and 4, the four full semi-circles p, d, 
f, and g are drawn. Then with centre 
oO and ftadil 2, = 1, 2, 3,.ete: the dotred 
arcs I, 2, 3, etc., are drawn as shown. 
Inasmuch as the values of 7 are integral 
the intersections of the dotted arcs with 
each full semi-circle represent the end 
points of the vector sums, 7, for that 
particular level. The vector sums are 
not shown in the figure and would be 
given by straight lines drawn from the 
point O to the various points of inter- 
section of the full and dotted arcs. In 
order to indicate this, one such vector 

Fic. 16. sum is indicated by the straight line 

from 0 to dy. When we consider the 

individual groups of levels we have on the p-level only three vector 

sums or inner quantum numbers, namely, i = 2, 3, and 4. On the 

d-level we have five, namely, 7 = 1, 2, 3, 4, 5, whilst on the f- and 

g-levels we have seven, namely, 1 = 0, I, 2, 3, 4, 5, 6, andi=1J, 2, 

3, 4, 5, 6, 7, respectively. These are the same as shown in Fig. 15 
above. 

In his earlier paper Sommerfeld attempted to correct the inner 
quantum numbers which he provisionally assigned to the levels of 
the manganese terms in the belief that the terms were five-fold and 
seven-fold. More recent work, however, to be mentioned below, has 
shown that the multiplicities are even in the case of the spectrum of 
neutral manganese and consequently we need not follow Sommerfeld’s 
earlier discussion of the manganese multiplets any further. 

It is quite obvious of course that even multiplicities must exist, 
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since we have the evidence of the doublet systems of the alkali metals, 
and these cannot be fitted in with the scheme shown in Fig. 15. The 
later work to which I have referred, based on the Zeeman effect, has 
proved that in addition to the doublet systems of the alkali metals 
there also exist quartet, sextet, and octet systems. Now Sommerfeld 
in his earlier paper pointed out that these even terms can only be 
explained by the use of half-quantum numbers and he gave a provisional 
scheme. This was to some extent modified in his last paper and also 
explained in the last edition of his book.* 

An important feature of these systems in which the permanent 
value of multiplicities is even (ry = 2, 4, 6 or 8) is that ask increases the 
number of levels increases in the uneven series I, 3, 5,...-%’—I 
and then becomes even. This can 
at once be seen from the simplest 
case of the doublet system which 
begins with the simple s-term 
(uneven) and reaches the perma- 
nent value of 2 in the p-term. 
Sommerfeld explains this by giving 
half-quantum values to the inner 
quantum number 7 and to the 
quantum number 7,. Since we 
have the relation 


(am kh as 


the values of 7, must be integral. 
He arrives then at the scheme 
shown in Fig. 17, the connecting 
links again showing the possible 
combinations. 
The geometrical construction 
which leads to this scheme is 
Fic. 18. : shown in Fig. 18 for the octet 
system. In this case i, = 7/2 and 
i, = 1,2, 3, 4, ete, for the, d, f, g, etc, levels. “On the vertical 
straight line the distance 7, = 7/2 is marked out and with centre 7/2 
and radii I, 2, 3, etc., are drawn the full semi-circles which represent 
the p, d, f, etc., levels. On these semi-circles we have to find all the 
half-integral points, and in order so to do the dotted arcs are drawn 
with centre 0 and radii 1/2, 3/2, 5/2, etc., and the intersections of these 
dotted arcs with each full semi-circle give the ends of the half-integral 
vector sums or inner quantum numbers for that level. For the p-term 
we have therefore 5/2, 7/2, and 9/2, for the d-term 3/2, 5/2, 7/2, 9/2, 
11/2, for the f-term 1/2, 3/2, 5/2, 7/2, 9/2, 11/2, 13/2, and for the g-term 
1/2, 3/2, 5/2, 7/2, 9/2, 11/2, 13/2, 15/2. These values are the same 
as those given in Fig. 17 and we can now understand why it is that in 


‘Ann, der Phys.,'73, 209 (1924) ; Atombau und Spekirallinien, p. 590. 
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systems of even multiplicities the number of terms first of all increases 
with & in the series 1, 3, 5, . . . y— 1 and then becomes equal to r 
and remains constant. This is shown in Fig. 18 by the h-term which 
like the g-term has eight levels with the inner quantum numbers 
BS) 207)2,.9/2, 10/2,013/2, 15/2, 17/2. This may be expressed by 
the following general rule: In systems with even values of permanent 
multiplicities the number of levels first increases in the odd series 
I, 3, 5, etc., until the value 7min = 1/2 is reached. The next level has 
also tin = 1/2, but the number of levels is now increased by unity 
and becomes even and constant. 

There is no doubt that the use of the half-quantum numbers 
presents some difficulty from the purely theoretical point of view, but 
it is not possible to enter into this question here. Their adoption has 
been forced on us not only by the phenomena under discussion at the 
moment, but more strongly still by the phenomena of band spectra 
which will be discussed in Chapter IV. 

In actual practice the use of half-quantum numbers in descriptive 
writing or printing is very far from being convenient, and it is customary 
to adopt the convention of expressing Sommerfeld’s inner quantum 
numbers of systems of even multiplicities, not as the half-integral 
numbers 7, but asi + 1/2. The adoption of this convention commits 
us to nothing, for the essential fact of the unit difference between any 
two consecutive inner quantum numbers is still maintained, and it 
does not modify in any way the restrictions laid down by the selection 
principle. This convention will again be referred to in discussing 
Landé’s work. 

In connection with nomenclature there is one point which may be 
mentioned here, namely, the difference between the identification of 
a specific term level by its inner quantum number and the older 
method used in the literature of spectral series. This difference may 
be illustrated by the case of the D-lines of sodium which according to 
the older method were indicated by 


De A "S590, Io — 27, 
D, A= 5896, Io — 27%, 


where of course 7, < 7, and hence the use of the subscript numbers. 
On the other hand (expect in reversed terms), the lowest level or largest 
term has the smallest inner quantum number and consequently, if the 
subscripts mean inner quantum numbers, then we have 
D,. A= 5890, Io — 27; 
D, <A = 5896, lo — 27 


7] 


is 


— 


In view of the significance of the inner quantum numbers it has now 
been accepted by many that the designation of a spectral term shall 
be based on its inner quantum number. It is possible that were it 
not for this timely warning the unwary might be puzzled by an ap- 
parently gratuitous reversal in the order of enumeration of the different 
levels associated with a given azimuthal quantum number, 
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Reference has been made more than once to Landé in the foregoing, 
and it is to him that we owe a great debt for his work on the theory 
of the Zeeman effect. A knowledge of the structure of multiplets, 
both simple and complex, is essential in studying their magnetic 
resolution and this knowledge has been not a little advanced by him. 
It is necessary for us here to mention Landé’s work in the present 
connection in order that its application to the Zeeman effect may be 
understood when we discuss this phenomenon. 

Landé defines the spectral term in a somewhat different way from 
Sommerfeld. He takes the azimuthal moment of momentum kh/27, 
the moment of momentum of the atomic trunk rh/27, and their vector 
sum, or total moment of momentum, ih/27, where of course k is the 
azimuthal quantum number and 7 is the inner quantum number of 
Sommerfeld: The values of k, 7, and z are integral and r = I, 2, 3, 
etc., for singlet, doublet, triplet, etc., terms. Landé shows that there 
are many reasons for giving to the quantum numbers 7 and k not 
integral but half-integral values. He therefore assigns to the series 
s, p, a, etc., not the integral azimuthal quantum number of Sommerfeld, 
k= 1, 2, 3, etc., but the half-integral values K = 1/2, 3/2, 5/2, ete. 
Landé’s azimuthal quantum numbers K are therefore throughout 
smaller than Sommerfeld’s by 1/2. Similarly in place of r = 1, 2, 3, 
etc., he puts R = 1/2, 2/2, 3/2, ete., and for the vector sums of the two 
moments of momentum he obtains I = 1/2, 3/2, 5/2, etc., for uneven 
multiplicities and I = 2/2, 4/2, 6/2, etc., for even multiplicities. As 
may be seen, therefore, Landé’s values for the inner quantum numbers 
are throughout greater than Sommerfeld’s by 1/2. The vector sum- 
mation of R and K may be shown geometrically in exactly the same 
way as in Fig. 16 and 18. 

The adoption by Landé of these different values for 7, k, and 7 
makes no modification necessary in what was stated previously in 
connection with the selection principle, except in one particular. 
The special prohibition of the transition 0 > 0 in the inner quantum 
number becomes the special prohibition of the transition I — I = 
1/2 —> 1/2. 

It will be seen that Landé and Sommerfeld do not agree as to the 
absolute values of the inner quantum numbers, and indeed Bohr 
has come to the conclusion that the values are greater than those of 
Sommerfeld throughout by unity. In all three scales of enumeration 
the essential feature is maintained of unit difference between the inner 
quantum numbers of any two consecutive energy levels of any single 
term. 

It myst be pointed out that Landé arrives at exactly the same 
schemes for the number of levels peculiar to the various terms in the 


1A, Landé, Preuss. Akad. Wiss. Ber. (1919), 101; Phys. Zettsch., 20, 228 
(1919); Deutsch. phys. Ges. Verh., 21, §85 (1919); Phys. Zettsch., 22, 417 (1921); 
Zeitsch, fiir Phys., 18, 189 (1923) ; 17, 292 (1923); Phys. Zettschr., 24, 441 (1923) ; 
Zettsch. fiir Phys., 25, 46 (1924). See also Zeemaneffekt und Multiplettstruktur 
der Spektrallinien, EX. Back and A, Landé, Julius Springer, Berlin, 1925. 
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odd and even systems as Sommerfeld and as was shown in Figs. 15 
and 17. The same inconvenience in writing and printing the half- 
integral quantum numbers is found in Landé’s scheme as was previously 
referred to in the case of that of Sommerfeld. The inconvenience 
however occurs in the former in connection with terms of the uneven 
system of multiplicities. Landé adopts the convention of expressing 
the values of I for the even systems asi = I — 1/2, leaving the integral 
values for the uneven systems (2/2, 4/2, 6/2, etc.) unchanged. As 
the result of this convention and that adopted previously, Landé 
and Sommerfeld agree in the values used in writing and printing the 
inner quantum numbers. It must be noted that on this convention 
the minimum value of 7 is O in uneven systems and I in even systems 
of multiplicities. 

It can be seen from the foregoing that any spectral term is charac- 
terised by four quantum numbers n, 7, k, and 7, where 7 is the number 
of the term in the appropriate series. Indeed a given term can at 
once be defined by the values of n, 7, k, and 7, and Landé in agreement 
with Paschen expresses a spectral térm by the symbol 

Npiy 
and in so doing he uses the integral values of ry and k employed by 
Sommerfeld and the conventional values of 7. It will be remembered 
Bat v= 1, 2, 3. ete. torssinglet doublet, triplet, etc;, systems. In 
order to illustrate the use of this symbolic method the old spectral 
series designations together with the new symbols are given in Table 


LX. 
TABLE LX. 


Singlet terms, Doublet terms. Triplet terms. 


Old 7S 2P xD| xo nm, na, nb, nd, | 2S np, Np, np, nd, nd, nd, 


I T 2 2 2 2 2 3 3 3 3 3 3 
2 L , n n nm 
New Ato Moy Mex My Moy No Neo 1. My Roo M1 N52 31 32 33 


There is no question but that this symbolic method is extremely 
convenient and it has generally been adopted in German literature. 
I propose to adopt it in describing the more recent work on the multi- 
plets of chromium and iron. Attention may again be drawn to the 
reversal in the order of the subscripts of the terms when the inner 
quantum numbers are used, The combination of the two terms to 
give a spectrum line may be illustrated by the D-lines of sodium which 
are expressed as follows :— 


D, A= 5890 3, — 23 

D, A= 5896 | le ee YEE 
The whole scheme of multiple terms is shown in Table LXI. with the 
new symbols. 


7 


Io 
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TABLE) LX 
Uneven multiplicities. Even multiplicities. 
To 6 oe eae Be Meee hae yo eee a SE Pe IE 10 
Be. pit eS a ee re ieee = 
Gal 2 0 at R233 ae ee ee ee ey eS 
é Singlet terms, | , Doublet terms, it 
I No aa ao P= 2 Se 
I 2 
I ee 2 Ae ee Re 2 33 
2 Moy 2I 22 ie 2 
i 2 2 3 
3 Mee Mae Mes aie 
at 2 2 ai 
n n 
“3 743 43 44 if. - 
4 Triplet terms, A Quartet terms, I 
Was: pe ® Nyo y= Sole 
Rae Res 
| 3 3 3 4 4 4 3 
M30 ax M52 Z Nor Noo M3 2 2 2 
3 3 3 4 4 4 4 5 
n 
Br azn 33 EG IEE GND aL Vi a |e 
| BB Ae A. A 
n n 
4 Age 43 a4 Uae Maar Pag Migs t i 
g Quintet terms, 6 Sextet terms, I 
"2 Pe’ G3 Fi © S\o 
REO Reese 
5 5 2 6 6 6 mee 3 
12 DB 2 DA RIL 2 3 
21 “22 “23 2 ag ak Pp B 
rey (arte se Gal & Gums Glee FOseReO 
n n nH tS 
gon gn 632 a3 2a) Rar sp gem ore a35 d 2 
5 3 5 5 6 6 6 6 6 e 
nw n nN 
4 My “ie “ng a, Cars "aes Biya. ys a Gg t ; 
a? Septet terms, 8 Octet terms, la 
13 —— / sn Ta Poy Ss \2 
Red Rae 
Ge ey i coe, oes es 
hi 2 
eee Bi, WMng 2 p 3 
7 7 7 7. 8 8 8 8 8 | 
n nw n 
3 sigan 38), “agen i ee mee he ned d : 
a On Rosi eee Pie Coy se be 
4 We. Whee, We. Wp Gee, Ue tk 8 7 
ey “Ces “Cres, aig Ty ey, ras at. ge. ay ia tame Magy ag f\t 
Te GR Te Tg 8 8 8 8 8 | 
5 i ee ne DM if | n : 8 8 8 
gr) 520 "53 “540 ss. son a7 | isn) nan BGuen yn “eRe ue dCey myo ce mC oe oa 
2 
Ay = 1 32 393 Goat Sie Gey 2 2 a tl Ie a ee eee 
a 2 2 2 2 2.° 8 
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A strong argument in favour of the use of the half-integral values 

K, R, and I is to be found in Landé’s law of the wave-number dif- 
Perences between any two terms n;, and nj,, that is to say, any two 
terms which differ only in their inner quantum numbers. If it be 
assumed that the force of attraction between the electron and the 
atomic trunk has its origin in a potential energy which is proportional 
to cos (R, K), then the various members of a multiple term will only 
differ by an amount which is proportional to 
Vie K2 aes R2 

2k —- 
The wave-number difference of two members of the same multiple 
term (that is to say, with equal values of R and K) will be propor- 
tional to 


coss(RoK v= 


Zine 1/2 ' 
r ee ee Sor 
2 2 


It follows therefore that the wave-number difference between two 

consecutive levels of a multiple term, when of course I — I’ = 1, 
: ; I+ I’ ; : ‘ 

will be proportional to ae Using the values of I given in the top 

row of Table LXI. of the multiple terms we find that the intervals 

between the consecutive levels of the multiple terms are proportional to 
7A WW gi ie ier a mT te eed ket weaned 


) 
Uneven multiplicities. Even multiplicities. 


These relative values of the wave-number intervals are given in the 
bottom row of Table LXI. 

This law has been verified in a number of instances, and one 
example of its validity has of course long been known in the case of a 
triplet term where Ay, is always equal to 24y,, Deviations from this 
law indicate that the potential energy is not “exactly proportional to 
cos (R, K), but that this is a close approximation. ‘In spite of this it 
may be said that the law justifies the use of the half-integral values 
for R, K, and I, and canoe the law gives very Bitenial assistance 
in elucidating the structure of multiplets : as will presently be shown. 

Reference was made previously to the fact that the early con- 
clusions drawn by Catalan and by Sommerfeld from the multiplets 
of neutral manganese, namely, that the terms are of uneven multi- 
plicities (quintet and septet), have more recently been shown to be 
incorrect. This new work was carried out by Back ! who succeeded in 
proving from observations of the Zeeman effect and also from Landé’s 
law of the interval ratios that the terms belong to the system of even 
multiplicities. As will be shown in Chap. II., the multiplicity of the 
terms, the combination of which gives rise to a spectrum line, can 
definitely be determined from the Zeeman pattern. Back was able 


1 Zeitsch, fiir Phys., 15, 206 (1923), 
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to establish beyond all doubt that the spectral terms functioning in 
the arc spectrum of manganese are not five-fold and seven-fold, but 
four-fold, six-fold, and eight-fold. This finds confirmation in the in- 
terval ratios between the consecutive term levels. It is not possible 
here to do more than give a brief account of Back’s results. 

Back does not give the Zeeman resolution of all the triplets and 
multiplets discovered by Catalan, but only a few which, however, 
are amply sufficient for the determination of the order of the multi- 
plicities of the terms. In the arc spectrum of manganese he examined 
the following members :— 


1 


The Sharp Triplet. 


r , Catalan’s 
Ys A”. Designation. 


4823°522 20725:06 oa Is — Ip, 
4783-432 2089967 17375 1s — Ip, 
4754:048 21028-85 9 Is — Ips. 


The Zeeman resolution shows that this triplet belongs to an octet 
system and that the three lines are due to the combinations 


8 


; 8 ties 
Ni, —N,, Where t= 3, 4, 5. 


5 8 Se 5 = 
We have therefore) - 22, —!n,, == 173-71 cm.—* 
8 eyes : -1 
Na, = Ma, = 129 ORC tia ame 


The interval ratio is 129:18 : 173:71 = 7:2: 9, and the theoretical 
WANS == 77 2 00). 


Me 


The Two Parallel Systems of Narrow Triplets. 


Ae ve AY. pete 
4030:760 24802°83 sh 1S — (1P, + C) 
4033074 24788-01 ae 1S — (1P, + C) 
4034°489  — 24779°31 15 (1B, 420) 
2794:822  35769-04 DeRosa 


2708073. 3572582 
2801-076 35090:07 35°75 IS — IP, 


== "10007 tar ay 
Both these triplets give Zeeman resolutions which unmistakably 
conform to the type belonging to the sextet system and consequently 


the term IS is to be denoted by ny, The two triplets therefore are 
given by the combinations 
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Ay. 
‘— 28 
n° = 1. Loe de 
3 23 8:70 
Ny. — Ny, 
and Ne, = Nera 
eresae 44°12 
ay ms oe Se 5) 
rT 22a 
The interval ratios are therefore 
Pe ee Cire rs 
14 EEE NE : 5:0 calc, 
aA Pte .s Meme ae OO 
n 44°12 : 35°75 17: 5:0 cale. 


The agreement is not all that can be desired, but as Back says it is 
remarkable that the mean of the observed values of the two triplets is 
exactly 7-5. 


ie 
TABLE LXII. 
Muiltiplet at X = 3843'985. 


A. Ve A. v. 

I. 3776°537 26471°79 D,F; IX. 3829:674 2610450 D,F, 
II. 3790°215 26376°19 DF, X. 3833°864 2607592 D,F; 
III. 3799:256 26313°49 Dr, XI. 3834°363 26072°58 D;F3 
IV. 3806-866 26260'93 D,F, | XII. (3838-329) (26045:64)  (D;F,) 
V. 3809°599 26242:07 D,F; | XIII. 3839°777 2603582 D,F;, 
VI. 3816°746 26192°93 D,F,; | XIV. 3841-081 26026:97 D,F, 
VII. 3823°515 26146°56 DoF, | XV. 3843°985 26007°31 D,F; 
VIII. 3823-896 26143'94 D3F, 


In Table LXII. the fourth and eighth columns contain Sommerfeld’s 
designation of the lines. Back was unable to observe line No. XII. 
under any conditions when using pure manganese, and he suggests 
that it is due to an impurity, possibly magnesium (A = 3838-29). The 
Zeeman resolutions of all the lines (excepting I., III., and VI., which 
were too faint for observation, and IV. which was not completely 
resolved) showed that the two spectral terms belong to a sextet 
system, the general expression being 


oD oy Ay 5s 1= I, 2, 3, 4, 5, 0 


The absence of line XII. is therefore of great importance, since Sommer- 
feld explained it by assuming the fundamental term to be seven-fold. 
It cannot be a component of a multiplet formed by a combination of 
two terms of a sextet system. In Table LXIII. is shown the structure 
which Back assigns to this multiplet, 


Interval ratios AD, 68-65 : 117°00 : 169°57 : 229-71 = }~ 


Teo SPECTROSCOPY 
TABLE LXIII. 
(D5) (Dy) . (Ds) (Dz) @e 
6 6 
131 750 tas a4 35 
10 
3806°87 
(Fy)nie 26260°93 
4 115°34 
9 3 
3823°52 3790°21 
(F,)n°. 26146'56 229°71 26376°27 
95°51 95°52 
8 6 I 
383436 3809'60 3776°54 
(Fs)nf, 26072758 169°49 26242:07 229°72 26471°79 
71°36 71°42 
5 5 2 
3841-08 3823-90 3799°26 
(Fy)x8, 26026'97 116°97 2614394 169°55 26313°49 
48:95 48-98. 
oe 2 
sae 86 3816-75 
(F,)xe, ee Es 68-61 ear 92 17:00 26192°92 
28°51 28°58 
8 436 67 


3839°7 
(F, vt aoe ‘82 68-68 26104:50 


9:50:70 29 cae. Ir obs. 


AF, 28°55 : 48:96 : 71°39 : 95°51 : 115°34 = 301 F-04701 Oona TIS. 


These interval ratios entirely confirm the conclusions drawn from the 
Zeeman effect, since they agree quite well with the theoretical values 
for even spectral terms. The fact that the D-term is five-fold and the 
F-term is six-fold with the interval ratios shown is exactly in accord- 
ance with the general scheme of multiplicities of even terms shown 
in Table LXI. on p. 148. If this multiplet belonged to a septet system, 
there would have been thirteen lines due to the combination of a five- 
fold D-term with a seven-fold F-term, and the interval ratios would 
then be 

AD, 2533s 
APS I Seen hans 

which in no way agree with those actually observed. The evidence 


in favour of the sextet system is therefore independent of the absence 
of the line at A = 3838:33, 
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IV. 
Multiplet at A = 4083-64 to A = 4o18-11. 


This multiplet was allocated to a (DD*) combination by Sommer- 
feld and this Back confirms, with however the additional proof de- 
_ duced from the Zeeman effect and the interval ratios that both terms 
belong to the sextet system. 

The general formula is Vee flay ie Tp Ohad. Oar 
Interval ratios 

AD, 68-65 : 116-96 : 169-54: 229-71 = {2°7 * 40: 0-6: 9 obs. 

5 9 Boa eee ee BO. 770 a Cale, 

this being identical with those in the previous multiplet, 
(375356: 7:60.26 obs. 


AL OF 0070. 120102 143916 == 
55 2) 9 79 121-10: 143 18 13-0: 5-0 : FONE NG) calc. 


V. 
Multiplet at A = 3629-74 to A = 3577-80. 


Back shows again that this multiplet belongs to the sextet system 
and confirms the allocation by Sommerfeld to the combination (DP). 
The general formula is therefore 

6 
CO as Noi 
om hy D) Ay t= 2, 3, 4. 


n 


Interval ratios 

_ AD, 68-67 : 116-98 : 169:53 : 229-65 = ee . 7 ; a : ; iN 
AP, 103-07: 162:20 = ee : aan 
Vi 


Back identified a multiplet in the manganese arc spectrum, not 
observed by Catalan, having the following eight lines :— 


A. Int. v A. Int. v. 
4235°125 8 23605°43 4205-920 9 23435°03 
4235°306 10 23604:41 4281-097 GO. "2335505 
4239°723 Z 23579°83 4284-084 3 23335°08 
4257°653 8 23480°53 4312°546 2 23181-66 


From the Zeeman resolution of all these lines Back found that this 
multiplet belongs to a quartet system and further that it arises from 
the combination (pd), the general formula being 
4. 974 
Nie 1, 
== Lye se8 (Parikh pie 


The structure of this multiplet is shown in Table LXIV. 
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TABLE LXIV. 
nh oe 135 
Io 
423531 4 
m4 23604°41 34 
252°46 
8 9 
as 4325°13 4281°10 nt 
33 23005°43. - 253°48 = 2335195 33 
170°40 170°29 
7 9 2 
4 4239°72 426592 4312°55 


rl 
32 23579'33 -144°80 2343503. «25337 «23181-6632 


99:30 O95 
8 3 
va. | 4257-65 aa 4 
31 23480°53 144°85 2333568 “3 
Interval ratios Af, 144°83 : 253°42 = oo : nee 


(2:8: 4:8: 7 obs. 
\3°0: 570: 7 calc. 

There can be no question that the results obtained by Back afford 
a conclusive proof that the spectral terms of the neutral manganese 
spectrum are of the even type, and indeed that there are three systems, 
quartet, sextet, and octet. This has a very great significance in 
view of the conclusion drawn by Sommerfeld as regards the similarity 
of the spectral terms of Mn and Mnt, namely, that the Kossel and 
Sommerfeld law of spectroscopic displacement does not hold in the 
case of this element (see pp. 80 and 140). It cannot be denied that 
this conclusion was not very satisfactory and indeed it was only ac- 
cepted provisionally until further information was available. It now 
becomes a matter of singular importance to determine whether the 
spectral terms of Mnt are odd or even, since, in view of the even terms 
of the neutral Mn spectrum, the spectroscopic displacement law 
demands that they should be odd. 

Back has investigated the Zeeman resolution of the two triplets 
and two multiplets found by Catalan in the enhanced spectrum 
of manganese, and has succeeded in proving that the spectral 
terms are odd and that they belong to a quintet and a septet system. 
His results are as follows :— 


Ad, 99°33 : 170°35 : 252'46 = 


VII, 
Triplet at A = 2949:207, 2439°315 and 2433-066. 


This is a triplet of a quintet system of which the general formula is 
ni, — n3;,,1= 1, 2, 3. This is confirmed by the interval ratio 
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A Gee : eo r O ass obs: 
PT Alas (2-0 ;/3 cale. 


Triplet at A = 2576-116, 2593-734, and 2605-695. 


This is also a triplet due to the combination (sp) but the two terms 
belong to a septet system and are to be denoted by nz, and 2, where 
1 = 2, 3, 4. This is confirmed by the interval ratio 


Ap, 176-91 : 263-58 = ae : i Ae 


VOT 


Multiplet at A = 3497-540 to A= 3441-999. 

Six of the nine lines of this multiplet were examined in the magnetic 
field and it was found that it is due to the combination (pd) in the 
quintet system, the general formula being 

Niny tig 
i= TI, 2, 3, CaM ON Otic BA. 
The interval ratios are 
eg oe Eee Oa: 
Ap, 72°53: 114-07 = ee 3) Cale, 


this being the same as in the first triplet above, 


0:9: 1°38: 2:8: 4 obs. 


Ad, 58-63: 120-00: 187-35 : 269-28 = be PaG ea cule 


Multiplet at A = 2427-43 to A = 2453°65. 


This multiplet is related to the second triplet in the same way as 
the first multiplet is to the first triplet, and consequently it may be 
concluded that it also belongs to the septet system, that is to say, the 
general formula is 

Mite, 
i= 2, 3,4, t= I, 2, 3,4, 5. 
Owing to the distribution of the nine lines in three very narrow triplets, 
a quantitative determination of the Zeeman effect was impossible, 
but the above conclusion is confirmed by the interval ratios 


Ap, 176:8: 2636 = { 


Ors 

AAR 
Q 
ae 
CQ 


2° 
a 
) 


similar to that of the second triplet, 


oP) 


Ad, 3:4: 5:4: 8-95: 106 = (Re7 2273 ee oi Oe 


(2:0: 3:0: 4: alc. 


2) 
ps 
Oo 
wm 
oO 


Although perhaps the evidence afforded by the last multiplet, owing 
to the small separations, is not very strong, it is eminently satisfactory 
that the Mn* spectrum is clearly based on odd terms, thus proving the 
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validity of the Kossel and Sommerfeld law of spectroscopic displace- 
ment. 

The Relative Intensities of the Compound Lines of Multiplets. 
—The next matter which claims our attention is the relative in- 
tensities of the spectrum lines in multiple groups and the measurement 
of those has been achieved by Professor Ornstein and his colleagues 
in the University of Utrecht. This work forms a most valuable 
contribution to our knowledge of spectral series and is of very great 
importance. Professor Ornstein has been kind enough to write a 
complete account of the method employed and to add to this a theoreti- 
cal discussion of the results obtained. He has done this with the 
particular object of its inclusion in the present chapter, and it is with 
a deep sense of my gratitude to him and with a full recognition of 
the honour he has conferred upon me that I give the following tran- 
scription of his monograph. 

The measurement of the relative intensities of multiplet spectrum 
lines has been accomplished with the aid of photographic photometry. 
It is only in a few cases that direct measurements can be made by 
means of the thermopile and therefore a description of the photo- 
graphic method of the measurement of intensity may be given. 

The density of the photographic plate is a function of the time of 
exposure, the intensity of the light, the wave-length, and the con- 
ditions of development. The general form of this function is not 
known, and the special forms given by Schwarzschild, Stark, and 
Busé contain constants which vary from case to case. Now the only 
quantity which is important for our present problem is the intensity 
which produces a certain density, and in order that density may be 
used as a measure of relative intensity it is necessary that it be 
measured on the same plate under identical conditions of exposure and 
development. Instead of using an analytical expression for the re- 
lation between intensity and density, a graphic method of representa- 
tion may be employed. 

On the photographic negatives which are used for intensity 
measurements a scale of intensity must be printed, since the density 
itself gives no true measure of the intensity and is, indeed, an unknown 
function of it.1 Before the detailed methods of observation are dis- 
cussed, mention must be made of another fact which is of fundamental 
importance in these measurements of intensity. The density obtained 
on a photographic plate depends on the quantity of light energy which 
falls on it, but the same quantity of energy at different wave-lengths 
can give wholly differing densities, that is to say, the sensitivity 
of a photographic plate is different for light of different wave-lengths. 
In general, the sensitivity is not very different for two spectrum lines 
which do not differ in wave-length by more than 50-100 A. _ If 
however, the distance between the component lines of a multiplet 
is greater than this, the wave-length sensitivity curve of the plate 


Phis very elementary fact has frequently been ignored, 
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must be determined, and methods suitable for doing this will be 
described. 

__ As was stated above, in order graphically to compare the relative 
intensities of spectrum lines of nearly the same wave-length, we must 
print a density scale of this wave-length on the photographic plate. 
The most elegant way of doing this is to photograph the lines on the 
same plate with different intensities, the relation between these 
intensities being known. The advantage of this method is that it 
eliminates the effect of any fluctuations in the intensity of the 
source, so far as these do not influence the actual relative intensities 
of the lines themselves. There are many methods of obtaining 
the density marks which fulfil these conditions. Thus, with a prism 
spectrograph or an astigmatic grating we can proceed in the following 
way. A convex lens is homogeneously illuminated by the rays from 
the light source which is placed at its focus, and behind this lens 
are placed screens for decreasing the intensity of the light beam. 
By means of a second lens a sharp image of the screen is formed on 
the slit of the spectrograph. In this way each spectrum line is 
divided into sections with different intensities which give different 
densities on the photographic plate, and from these the characteristic 
curve expressing the intensity-density relation for that plate can 
be constructed. The screens are built up of rectangular portions of 
different transmissive powers which are accurately known. In the 
Utrecht Institute strips of neutral tinted glass have been used, but 
this glass has a disadvantage in that the transmissive power varies 
with the wave-length and is large in the red and violet regions of the 
spectrum. For this reason Professor Ornstein and Dr. Burger have 
more recently adopted the photographic screens used by Dr. Rassa 
Riwlin in her research on the absorptive power of liquid crystals.? 
It is an easy matter to make screens with an arbitrary number of 
steps and an arbitrary and adequate relation between the transmissive 
powers of the steps. 

In order to prepare such an echelon screen, a lantern slide plate 
is illuminated with light of constant intensity for different times, 
different portions of the plate being of course employed, and then 
developed for a very long time. The transmissive power of the various 
regions is thereby determined as a function of the time of exposure 
at different wave-lengths with the aid of a monochromator, a thermo- 
pile, and a galvanometer. From these measurements a graph is 
obtained which expresses the transmissive power of the negative as 
a function of the time of exposure at each wave-length. A plate with 
the same emulsion, preferably from the same box, is then illuminated 
for times which will give the transmissive power desired, these times 
being read off from the time-transmissive power curve. The different 
parts of the plate are exposed successively, the rest of the plate being 


1 Das Wesen der Lichtzerstreuung in fliissigen Kristallen, van Druten, Utrecht, 


1923. 
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screened by means of brass strips. In order to obtain homogeneity, 
the light source must be weak and placed at some distance away, and 
it is only possible in this way to obtain exposure times of sufficient 
length for exact measurement. 

By this method of preparation echelon screens can be obtained 
which only show a very slight variation in transmissive power with 
the same wave-length. They can be used from the extreme red to 
\ = 3600 A., the variation in the transmissive power over this region 
being only a few parts per cent. The only disadvantage is that these 
photographed screens scatter the light to a certain extent, with the 
result that the transmission coefficient may depend on the optical 
arrangements. It is possible, however, to control the transmission 
by the method of varying the slit width, to be described presently. 

Another type of echelon screen may be made by the deposition 
on quartz of metallic films, especially of platinum, by cathodic 
evaporation. Such screens can be used for the ultra-violet region, 
and they show more or less the same properties as do those prepared 
by the photographic method. 

Yet another method has been described by Hansen.t_ An opaque 
screen with an opening cut in it of the shape shown in Fig. 19 is 
homogeneously illuminated by the rays from the 
source. By means of a cylindrical lens of short focal 
length and an ordinary lens an image of the aperture 
is made which consists of four parts, the intensities 
of which are proportional to the lengths of the four 
sections of the aperture. 

Frerichs* has described a method which was 
specially devised for use with the stigmatic grating 
mounting at the Bonn Institute. This fine type of 
mounting gives much more intense spectra than the 
astigmatic mountings, to which the two methods de- 
scribed above are restricted. 

All the methods given have the advantage of giving the density 
marks at the same time as the spectrum lines. The disadvantage lies 
in the fact that the available intensity is not used very economically, 
with the result that long exposures are often necessary. Further, 
it is necessary to measure the transmissive power of the screens 
and this is somewhat laborious. It is possible to determine this 
quantity with a thermopile or photo-electric cell, and it is advisable 
to carry out the measurement with the help of the same optical system 
as that in which the screens are used in order to include the scattering 
effect already referred to. The method used for. this purpose can 
also be used to print the density marks on the plate. In the method 
worked out by Ornstein and Burger, the density marks are imprinted 
on the plate with the same spectrograph as the spectrum lines, but 
with the continuous spectrum given by an incandescent lamp operated 


FIG. 19. 


1 Zeitsch. fiir Phys., 29, 356 (1924). * Tbid., 31, 305 (1925). 
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on constant voltage. For the ultra-violet region a lamp with a quartz 
window is used and the lamp is run with an enforced intensity. 

In actual practice the line spectrum is photographed on the plate, 
and for the density marks the continuous spectrum is photographed 
with different slit widths but with equal times of exposure in all 
cases. As the intensity of any part of a continuous spectrum is 
proportional to the slit width, provided that it is neither too small 
(when diffraction effects supervene) nor too large (when spectral 
impurity becomes too great), we obtain suitable density marks in this 
way. The time of exposure chosen for the whole sequence of line 
spectrum and density marks may be varied, but the density of the lines 
of the former must lie between the largest and smallest values of the 
density marks. Special measurements have shown that the inter- 
mittency of the source giving the spectrum lines under investigation 
has but little influence on the accuracy of measurement. The density 
marks may be obtained with relatively short exposures, twenty to 
thirty seconds, for each continuous spectrum. It is advisable to 
alternate the line spectrum and continuous spectrum on the plate so 
as to eliminate systematic errors in the sensitivity of the plate. Since 
most spectrographs give much diffuse light, narrow spectra should be 
taken by the use of a slotted screen in front of the plate. 

Before we proceed to discuss the method of measuring the density 
and the graphical methods for determining the intensities, some 
words may be said about the sensitivity of the photographic plate asa 
function of the wave-length. It is well known that the plate is more 
sensitive to the violet than to the red. When specially sensitised 
to the red, there occur one or two minima of sensitivity in the green, 
and it is therefore absolutely necessary for us to know accurately 
the sensitivity as a function of the wave-length when measuring the 
relative intensities of lines which differ in wave-lengths by more 
than about 100A. These difficulties can be overcome by using a 
continuous source, the spectral radiation of which is accurately 
known. It is possible to use black body radiation, but it is necessary 
that the radiation be really black. In Utrecht a common incandes- 
cent lamp has been used, which is under-run on constant voltage for 
the sake of lengthening its life. 

We may briefly describe the method of standardising this lamp. 
A monochromator has been used which was built up of two identical 
spectroscopes in such a way that the spectrum formed by the first 
was folded together again by the second on to its own slit. Now, if 
we put a slit in the spectrum formed by the first spectroscope, that 
wave-length only which falls on this slit will pass through the complete 
instrument. The monochromator constructed by Dr. van Cittert in 
the Utrecht Institute excels in the intensity and spectral purity. 
In order to standardise a lamp with this monochromator we proceed 
as follows :— 

In front of the monochromator is placed a strongly over-run 
lamp and by means of lenses an image of the lamp is formed on the 


160 SPECTROSCOPY 


first slit. For the different colours corresponding to the different 
positions of the intermediate slit in the monochromator the intensity 
of this image is measured by means of a thermopile. Thereupon the 
intermediate slit is removed, a white image now being formed of which 
we know the spectral composition. By means of a lens an image of 
the latter image is formed in the slit of the spectrograph. Then at 
the point where the image of the over-run lamp had been formed, the 
lamp to be standardised is placed and a photograph is again taken. 
The stronger of the two images on the slit is weakened in the way 
described above in order to obtain the density marks for the com- 
parison of the spectra of the two lamps. This comparison can be 
made at each wave-length, and, since the proportions of the energy 
in the image of the over-run lamp are known, those of the unknown 
lamp can be obtained. 

For the ultra-violet a lamp with a quartz window may be used, 
but it is scarcely possible to measure the intensities by means of the 
thermopile since they are so small. In place of this a quartz mercury 
lamp, operated at a constant voltage, may be used, and this gives 
a very constant light source which contains rays of sufficient intensity 
for them to be directly measured with the thermopile. This method 
has been employed with a quartz monochromator. 

The density of the photographs can be measured with a micro- 
photometer. The two best types of this instrument are the thermo- 
electric microphotometer constructed by Moll? and the photo-electric 
instrument devised by Koch.* Both instruments give a measure of 
the quantity of the light which passes through the negative by the 
deflection of a galvanometer (Moll) or electrometer (Koch). The 
relative transmissive powers of the dark and transparent portions of 
the negative are given by the deflections of the galvanometer obtained 
when a constant beam of light after passage through the negative 
falls on the thermopile. As a quantitative measure of the density 
of a spectrum line we can take the deflection obtained with the dark 
image divided by the deflection obtained through the transparent part 
of the plate, and the negative logarithm to the base 10 of this relative 
transmissive power is generally known as the density. Now in order 
to compare the intensities of two spectrum lines, the characteristic 
curve for the plate must have been drawn, in which the logarithms 
of the intensities are plotted on the abscisse and the densities or 
relative transmissive powers are plotted on the ordinates. The 
maximum intensity is put arbitrarily at 100. 

In Fig. 20 are shown two characteristic curves for two wave- 
lengths A and A’, such as are obtained when the densities have been 
measured in the manner described. In order to find the ratio of the 
intensities we can proceed by graphical interpolation, remembering 
that the maximum intensity is always 100, or 2 on the logarithmic 


* Proc. Phys. Soc., London, 33, 207 (1920-21). 
* Ann. der Phys., 39, 705 (1912); Zettsch, fiir Znstrumentenk., 41, 313 (1921). 
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scale. If (A’ — A)/A«1, then the sensitivity of the plate will be 
the same for the two wave-lengths and the ratio may be found by 
measuring the distance A’A on the logarithmic scale of intensity. 
A much more accurate way is to take advantage of the fact that the 
two curves are parallel to one another, and that the difference between 
the logarithms of the intensities for two equal densities gives the ratio 
of the intensities. It follows that the mean distance measured from 
the maximum value 2 on the logarithmic scale gives the ratio of the 


eee Se te PT ean Tesee 
FEE 
a Coo 


A150 


fi 
> 


mle 
SERRE EER 
Aa A 
Beer imacssi 
Saar 
alesse |e 
Ee eranaeale: 
Reuece snes 
Sl, 7A 
Ped 
eH 
A 


aS ee el ee ae) 
Bes 
Fam Se 
a Pe 
bamesta 
eo ae 


aa 
a) 3) OR, 


MSU 2S O14 B15 G6 7 SES 2:0 
Logarithm of intensity 


© 
ra) 


FIG. 20. 


intensities. The errors of the plate are eliminated to a large extent 
in this, way. . 

The same method can also be used for the curves when the relative 
transmissive power is plotted against the logarithm of the intensity, 
since the curves are also parallel to one another when the distance 
in wave-length is not too great. In both methods with six density 
marks the measurements give results which are accurate to within 
3 per cent. é 

There is one point to be borne in mind when density marks are 
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being imprinted on a plate. Most spectra show a continuous back- 
ground owing partly to unresolved band spectra, and partly to stray 
light due to reflections within the instrument, or to dust on the lenses 
and prisms, or to inequalities in their surface, etc. The presence of 
stray light of different wave-length from that measured must be 
avoided as much as possible, since it may give rise to entirely incorrect 
results. With line spectra the error with large dispersion is less than 
it is with small; if necessary a colour screen may be used to cut out 
the most dangerous wave-lengths, namely, those to which the photo- 
graphic plate is more sensitive, such for example as the blue or violet 
when measurements are being made in the red. The continuous 
background caused by light of the same or very nearly the same 
wave-length can be eliminated by measuring the density in the neigh- 
bourhood of the line under consideration. The non-blackened part 
must be measured at some distance from the line. From the charac- 
teristic curves the intensity of the background can be determined, and 
the ratio of the intensities of the lines is measured after this back- 
ground intensity has been subtracted. 

As an example of the method of procedure, the measurements of 
the intensities of the lines in one of the iron multiplets is given below. 
If the density marks are obtained by the method of variation of the slit 
width, the characteristic curves must have been constructed with the 
help of continuous spectra. From these curves the ratio of intensities 
of the lines can be obtained by reading the corresponding intensities 
on the density curves given by the lines. The method gains some 
control if the lines are photographed several times on the plate with 
different densities. This is possible without special difficulty if the 
line source does not illuminate the slit homogeneously, or still more 
certain if the illumination is homogeneous and the slit is divided into 
two or more parts by an echelon screen. In this latter case, however, 
it is not necessary to know the coefficients of transmission of the sections 
of the screen. 

It must be noted that in all the methods in which echelon screens 
are used it is necessary that the slit be homogeneously illuminated, 
this not being so in the slit width variation method. In the former, 
therefore, it is always advisable to have 100 per cent. transmission on 
both sides of the echelon and, if possible, to repeat one of the other 
ecales. 

If the ratio of the intensity is to be determined of spectrum lines 
for which the sensitivity of the plate is different, we must proceed in 
a slightly different way. We photograph the line spectrum on the 
plate, using the echelon screens, and on the same plate we also photo- 
graph the spectrum of the standardised lamp with the help of the 
echelon screens. The time of exposure for the two must be so chosen 
that the densities obtained with each will be in the same region. Let 
A, and A represent the characteristic curves for the line spectrum, and 
A,’ and X’ those for the spectrum of the standardised lamp. The dis- 
tances on the logarithmic intensity scale A — A’ and A, — A,’ give the 
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ratio of intensities in the line spectrum to those in the lamp spectrum 
at the same wave-length. In the lamp spectrum the ratio of the in- 
tensities of the wave-lengths A and A, is known, and consequently the 
ratio of the lines may be obtained from the curves. 

The methods described in the foregoing can also be applied to the 
Réntgen region, as has been shown by Bouwers in his Utrecht dis- 
sertation. Since these methods have their origin in the measurements 
of absorption carried out by Dr. Rassa Riwlin, it may be argued that 
they can be applied to absorption bands without difficulty when these 
are broad. The photographic measurement of narrow absorption 
lines is very difficult. Not only is the effect due to the filtering of the 
absorbed light in the band very large and indeterminate, but the 
photographic plate for narrow limits does not give a density which 
corresponds to the intensity of the radiation falling on it, it not being 
possible to determine accurately the function governing the relation. 

It is necessary also to mention another difficulty which arises 
when intensity measurements are carried out with the help of instru- 
ments such as the echelon grating, the étalon, and the Lummer- 
Gehrcke plate. The intensity distribution found by the foregoing 
method with photographed spectra is not a true picture of the intensity 
distribution in the light which falls on the slit of one of these instru- 
ments. For each of these instruments the intensity distribution must 
be calculated in the proper way from the intensities in the interference 
image. This has been done for the echelon grating by van Cittert 
and van Geel in the Utrecht Institute, and for the Lummer-Gehrcke 
plate by Hansen in Jena. 

We may now describe in detail the measurement of the intensities 
of the lines in one of the multiplets of the iron spectrum. In Plate I. 
is shown a reproduction of the spectra taken with the astigmatic grating 
of the Utrecht Institute. Reading from the bottom upwards there 
are shown :— 

I. The iron spectrum between A = 5712:1 and A = 5569-6 photo- 
graphed without echelon screens. 

2. The same photographed with echelon screens. 

3. The spectrum of a standardised lamp photographed with echelon 
screens. The two sets of density marks were taken with a photo- 
graphed echelon screen mounted on the homogeneously illuminated 
lens. The first iron spectrum was taken in order to eliminate errors 
which may have been introduced by non-homogeneous illumination 
of the slit. Photograms were taken with the Moll microphotometer 
of each of the spectra shown in Plate I, and in Plates II. and III. is 
reproduced the registered curve showing the galvanometer deflections 
given by one of the iron spectra. The straight line (0) at the bottom 
of the figure is the zéro line of the instrument, and the short lines (a) 
at the top give the deviation of the galvanometer at transparent 
regions of the plate. The sharp peaks of the registered curve are due 
to the spectrum lines. The dotted curve joins those points which 
give a measure of the deviation of the galvanometer in the continuous 
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background of the spectrum. ‘The lines of the multiplet are indicated 
by arabic numbers. 


In Plate IV. is shown one of the registered curves for the spectrum ~ 


300 


250 


100 


ANUS 


| | SS 


i 


Val 


prank eeaVa shes eoawhe 


‘RGR DNGSh Rae ENO ee 


CANES PONG 


oe 
a 
- 
nn 


6 V7 1B 9 2-0 Wet 2 3 14 15 6 7 FB FO 2-0 
Logarithm of intensity 


icw cee 


of the standardised lamp, namely, that for the wave-length A = 5688-8 
and this spectrum has been registered in a direction perpendicular to 
its length, the peaks in the curve being given by the gaps between 
the six spectra shown in Plate I. 


“bor advd a2vf 07] 


7 Pee) oi aa 2 


mi aad 


\\ 


Sor sng aavf 07 | 


freee, yaaneeeNy jaa, [fives wey 


eM Heat, 


Lo? 


a, 


waNelnty 


ONAL td 


SERIES OF LINES IN SPECTRA 165 


if In Fig. 21 are given the characteristic curves for the spectrum 
lines and for the standardised lamp. In the latter those marked 
VIIL, V., VIL, and I. correspond to the wave-lengths 5569-6, 56245, 
56588, and 5712-1. From these latter curves we find that, if we put 
the intensity of the region VIII. equal to 100 on an arbitrary scale, 
V., VII., and I. show the intensities 92, 85, and 67-5. This can be 
arrived at from the mean distance of the characteristic curves in the 
manner already shown. Now, in the spectrum of the standardised 
lamp the ratio of the intensities in the regions under consideration is 
given by 7:3: 8-35 : 8-9: 9:8, which leads to reduction factors for the 
intensity scales of those lines given by 


100, 92 _85 | 67°5 
7:38 35 8:9" 9:8 
By graphical interpolation, which can be done by means of a straight 


line, the reduction factor for every intermediate wave-length can be 


determined. 
In Table LXV. are set forth the final results. 


== 100 7-80°5 ; 09:7 = 50°5. 


TABLE LXV. 

No. of line. I. % Ip. 
I I 50°5 1-98 
4 27°5 86°5 31°8 
5 2, 8o°5 39°7 
6 27°5 96:2 28:7 
7 20 69°7 37°6 
8 55 100 55 
9 10 50°5 19°9 

10 95 98:5 97 
Ls 130°8 2 iets 
12 187 85 225 


I, is the intensity of the line on the arbitrary scale, r is the reduction 
factor, and I, is the true intensity after reduction by means of the 
standardised lamp curves. 

The corrections to be applied for the continuous background were 
4 for line 1 and § for the other lines. 

In Plate V. is given a reproduction of the photographed register of 
the galvanometer deflections obtained in the density measurements of 
the p-components of the Zeeman pattern of the magnesium line at 
A = 5183. In this case the lines are very close together so that the 
characteristic curves expressing the intensity-density relation are 
parallel and in consequence the density marks have been obtained by 
the use of an echelon screen with steps which have transmissive powers 
of 90, 65, 24, 9°6, 57, and 100 per cent., respectively. I have intro- 
duced this Utrecht record here because it shows well how Professor 
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Ornstein’s method is applied to the measurement of the intensity 
ratios of the components of Zeeman patterns. 

Professor Ornstein has appended to the foregoing an account of 
the theoretical aspect of the subject, which may now be given. 

The intensity of a spectrum line depends on two factors, . 


1. The concentration of the initial level. 
2. The probability of the transition. 


Now the first quantity depends very largely on the circumstances. It 
is possible, for example, to excite sodium vapour in such a way that 
the lower p-level only is called into play, and in this case one only of 
the D-lines appears as an emission line if the density of the vapour 
is sufficiently low. In other cases, however, the excitation is such 
that both levels are excited. The more irregular is the excitation, 
the greater is the probability that levels of nearly the same energy 
are excited to an amount which is proportional to the a priori prob- 
ability of the levels. 

The probability of the transition is influenced to a much smaller 
extent by external circumstances, and it can be regarded as a true 
atomic quality. Bohr and Kramers have estimated the intensities of 
the hydrogen lines in the Stark effect. The newer developments of 
the quantum theory accentuate the view that the ensemble of the prob- 
abilities of transition (the Fourier components) is the only reality of 
the atom. 

Now in experimental work on intensity ratios it is in general 
difficult to determine the concentration of the atoms at different 
levels, and in consequence it was necessary to undertake the measure- 
ments of the ratio of the intensities of the lines which are given by 
transitions from a single initial level to two or more final levels. 
Such lines are given by the 27 — me series of the alkali metals. From 
the single o-level transitions occur to the two z-levels, with of course 
the emission of a doublet. The ratio of the intensities of these lines 
depends only on the probability of the transitions mo—> 27, and 
ma—> 27. It is possible that the intensity of the observed line 
depends on the transition by absorption (self-reversal), since the 
concentration of the 27, and 27 levels can be different. Experiment, 

_ however, has shown that this is not the case with arc and flame spectra, 
if the concentration of the salt is not too great. 

The measurements carried out by Dorgelo in the Utrecht Institute 
have established the intensity ratio of 2:1, with a probable error of 
3 per cent., in the following doublets : sodium, 27 — 20 and 27 — 3o. 
For the triplet systems, 2p — 2s, of magnesium, calcium, zinc, and 
cadmium, the ratio of intensities was 5 : 3: 1, within the same degree 
of accuracy. 

A remark made by Sommerfeld at the Physikertag at Bonn in 
1923 led to a generalisation of these results, which could be verified 
by experiment. Sommerfeld drew attention to the fact that the 
transition probabilities could be expressed by the inner quantum 
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numbers of the final levels. The inner quantum numbers for the 
p-levels in doublet, triplet, quartet, etc., systems are 


t= 2 


3) z; 2, 1,0; 2 3) b ; 3; 2, tg etc. 
The statistical weight of the levels is related to their inner quantum 
numbers and is given by the number of possible orientations in a 


magnetic field, this being 22-++ 1. The statistical weights therefore 
are 


Doublet. Triplet. Quartet. | Quintet. Sextet. Septet. Octet. 
4,2 Sn3,1 9,452 °7,5,3 (8,64, 9,7, 5 10,8, 6 


Now the intensities for the sp members of the doublet and triplet 
systems are given exactly by the statistical weights of the p-levels, 
and it became of great interest to investigate whether this rule is 
generally true. For the triplet in the sextet and octet systems of 
manganese (A = 6021, 6016 and 6013, and A = 4823, 4785, and 4754) 
the intensity ratio was found to be'100: 77:53 or 4:3:2, and 
100: 80: 61 or 5:4: 3, respectively. The rule therefore was fully 
confirmed. 

The measurements of the intensity ratios in the diffuse series, of 
the alkali metals have led to very interesting results. In the case 
of sodium, potassium, and rubidium, the d-levels are so close together 
that the members of this series appear as doublets, and the intensity 
ratio in each case was found to be 2:1. In the case of cesium the 
d-levels are sufficiently far apart for the lines due to them to be 
seen separated, with the result that the ratio of the intensities of the 
three lines of the complex doublet can be measured. The statistical 
weights of the d-levels are 6, 4, those of the p-levels 4, 2, as before, 
and the possible transitions can be written 6 —> 4, 4—> 4, and 4 > 2. 
The experimental observations have shown that the sum of the in- 
tensities of the two transitions 6 > 4 and 4 -> 4 is double that of the 
transition 4—> 2, and that the ratio of the sum of the intensities of 
the transitions 4—> 4 and 4->2 to that of the transition 6 — 4 1s 
6:4. This result suggested to Dr. Burger the so-called summation 
rule, which can be formulated as follows :— 

In a multiplet the ratio of the sum of the intensities of the lines 
due to transitions starting from the same level to the sum of the 
intensities of the lines due to transitions starting from another level 
is given by the statistical weights of those levels, and, conversely, 
the sum of the intensities of the lines due to transitions to the same 
level is proportional to the statistical weight of this level. 

The truth of this rule has been confirmed not only in the Utrecht 
Institute, but also by the later work of Dorgelo at the laboratories 
of the Philips lamp works and also in the Physical Laboratories at 
Bonn. 

It is very remarkable that these simple relations, based on the 
inner quantum numbers, should hold and that the conditions of ex- 
citation should in general exert no influence. It must, however, be 
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borne in mind that the latter may play an important réle either by 
self-reversal or by specific excitation of some of the levels. It is in- 
teresting that the summation rule can be stated in another form which 
bears a relation to the radiation law. If we take, for example, the 
sp, and spy doublets, then the intensities of these lines will be pro- 
portional to the numbers of the atoms, N, and No, which exist in the 
p, and py levels, and to the Einstein emission coefficients, Asp, and 
Asp, of those levels. We have therefore 


N,Ap,s : NeApys = 4: 2. 
If we suppose that the number of atoms in which the electron is in the 
p, and py levels, respectively, is proportional to the statistical weight 


of the levels, g, and gp, and to the factors exp — a and exp — a as 
indicated by the Boltzmann principle, we have 
(3 € 
£rAps exp “ KT as § ope ae KT 


4 7 2 
If the difference e, — €g is small compared with KT, which is true 
for most levels in the case of flame and arc spectra, we have 


& 
qos a a Apys 


and since we know that 


it follows that Ap; = Ap,s. 


The probability of emission, therefore, for two p-levels is the same 
when the transition to the same s-level takes place. 

It is easy to generalise the Burger summation rule to the theorem : 
If lines are emitted by transmissions from multiplet levels, the 
sum of the probabilities for the lines from each level is the same for 
those levels. An equivalent theorem can be formulated for the 
lines which originate in transitions ending on the same level. If 
we consider the sp, and spp lines, the relative intensities will be pro- 
portional to the probabilities of transition, A», and A,,., as the final 
level is the same for both lines. The experimental result is now 


Apys =A Apes 

4 2 
Now Einstein has shown in his theory of radiation that there must 
exist a simple relation between the coefficient of emission and the 
coefficient of absorption (B,,) per unit energy for the same line. — If 


g, represents the statistical weight of the s-level, the Einstein rela- 
tion is 


Sar 
— 3 
8sAps = 3 Vsp.8p.Bsp, 
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where v.p, is the frequency of radiation and h is the Planck constant. 
If we put 

Spr: 8p9 = 4° 2, 
then 

v3, Bsp, = V35,Bspy. 


This result can be generalised to more complex cases. If the difference 
between the p, and Py levels is small, the relation takes the form 


Bsp, = Bspoy 


that is to say, the absorption coefficient for levels with a small 
difference in energy is the same for lines which bring the atom to 
the same level. It is very interesting to note that the formula takes 
a very simple form if the absorption coefficient per quantum is intro- 
duced, and if the probability of absorption is resolved into two factors, 
the one factor expressing the probability of the collision of a light 
quantum with an atom, this being proportional to A?, and the other 
factor expressing the probability of absorption if a collision takes 
place. So far asthe latter factor is concerned, the rule in general 
is valid in the form which it takes for the case of levels differing only 
slightly in energy. 

In the further development of the theory of intensities as the 
result of the work of Ornstein and Burger, Sommerfeld and Héhnl, 
Goudsmit and Kronig, Russell, Kemble, Duke, and others, the Bohr 
correspondence principle has played a considerable part. As the 
result of Sommerfeld and Heisenberg’s paper, in which they were able 
to derive a formula for intensity from the study of a simple model, 
it has been found possible to enunciate a general formula for the 
intensities of the lines of multiplets and of Zeeman patterns, and 
also in cases where the Burger summation rule is unable to determine 
the individual intensities. The rule is true for all such cases, but 
the number of unknown intensities is greater than the number of 
equations given by the application of the rule. The formula for the 
intensity of Zeeman patterns as given by weak fields has been verified 
by experiments so far as observations have as yet been made. The 
generalisations mentioned above, however, do not give the relative 
intensities of some of the faint components of multiplets, as very 
careful experiments carried out at Utrecht have proved. The same 
rules are derived by the new quantum treatment of Heisenberg, Born, 
and Jordan. 

It may be mentioned that attempts have been made to apply the 
summation rule to band spectra, both from the theoretical standpoint 
by Kemble, Héhnl, and London and Diecke, and on the experimental 
side by Frerichs and others at Bonn. These have shown that the 
generalisation of the rule is possible and that heat motion has an in- 
fluence on intensity which can be defined by the Boltzmann principle. 
Lastly, some investigations have shown that the rule can be applied 
to the K and L doublets of the Réntgen spectra. 
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F. Oudt, Zeztsch. fur Phys., 29, 267 (1924). 

“ Intensitatsmessung in Flammenspektren,”’ C. E. Bleeker and IJ. A. 
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in the Sodium Atom,” G. R. Harrison, Phys. Rev., 25, 768 (1925). 

‘Line Breadth and Absorption Probabilities in Sodium Vapour,” 
G. R. Harrison and J. C. Slater, Phys. Rev., 26, 176 (1925). 

‘‘ Strahlungsgesetz und Intensitat von Mehrfachlinien,” L. S. Ornstein 
and H. C. Burger, Zeitsch. fir Phys., 24, 41 (1924). 

‘‘ Intensitat der Komponenten im Zeemaneffekt,” L. S. Ornstein and 
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‘“ Intensitat von Multiplettlinien,”’ L. S. Ornstein and H. C. Burger, 
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stoffs bei verschiedenen Temperaturen und verschiedene Dichte,” 
F. Goos, Zeitsch. fiir Phys., 31, 229 (1925). 
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Function von Wellenlange und Temperatur,’’ W. J. Beekman 
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a - Burger, and W. C. van Geel, Zeitsch. fiir Phys., 32, 681 
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‘ Intensitat der Zeemankomponenten von Mehrfachlinien,” W. C. van 
Geel, Zeitsch. fur Phys., 33, 836 (1925). 

‘‘ Messung der [ntensitatverhaltnisse von Dublette von Alkalimetallen 
der Hauptserie,” F. W. Oudt, Zeitsch. fiir Phys., 33, 656 (1925). 
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Zeitsch. fur Phys., 33, 658 (1925). 

‘ Intensitatsmessungen in Multipletts,” R. Frerichs, Zeitsch. fiir Phys., 
31, 305 (1925). 

“Die Intensitat der Zeemankomponenten,” H. Héhnl, Zeitsch. fiir 
Phys., 31, 340 (1925). 

“Uber die Intensitat der Multiplettlinien,’ A. Sommerfeld and 
H. Héhnl, Berlin. Akad., p. 141 (1925). 

‘Uber die Intensitat der Mehrfachlinien und ihrer Zeemankompon- 
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“The Intensities of the Zeeman Components,” S. Goudsmit and 
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“ Intensitatsmessungen im Eisenspektrum I.,” J. B. van Milaan, 
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A few words may be added to the foregoing with respect to the 
Burger and Dorgelo summation rule. In their original paper they 
gave four rules and these may be quoted here. 

The first rule states that the intensity ratios of the lines of doublets 
and triplets of the sharp series are equal to the intensity ratios of the 
inner quantum numbers (1) of the final levels. In this rule we find 
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the quantitative expression of the qualitative law of Sommerfeld 
which was given previously on p. I14. 

This rule also holds good if the initial level is complex and the 
various terms are so little different that they cannot be resolved. 
In the combination 7; — 5; where the 8-terms are so close that they 
cannot be resolved, the intensities of the lines are proportional to the 
values of I for the final or 7, terms, 7.e., 2:1. Again, in the funda- 
mental series of calcium where the fundamental term is not resolved, 
the intensities of the lines are in the ratio 7: 5: 3, which is the same 
as that of the Landé inner quantum numbers. In these cases some 
of the lines are complex and not resolved, and their intensities are 
therefore the sums of the intensities of the lines having the same 
final level. From this a second rule may be deduced: The sums of 
the intensities of the lines due to transitions which have the same 
final level are proportional to the inner quantum numbers of the final 
levels. This is shown to be true from the following table of intensities 
of the lines of the first diffuse triplet (1p; — 2d,) of calcium :— 


Ip, — 2d, If, — 2d, If, — 2d, Ip, — 2dg Ip, — 2d, 1p3 — 23 
A= 445061 = 4455-88 4454°77  4435°67 443495  4425°43 
Intensity 1 18 100 19 54 25 


The three final levels are 1p,, Ip, and Ips, and the sums of the in- 
tensities of the lines which arise from transitions to these levels are, 
respectively, 1 + 18 + 100 = 119, 19 + 54 = 73, and 25. 

The ratio of these intensities is very nearly proportional to the 
inner quantum numbers of 1,, Ip, IPs, thus : 


IOV 8) 3 5) = Hosea Le 


The divergence from exact proportionality is readily explained by the 
fact that the measured intensities of the stronger lines are too small 
owing to their self-reversal. 

As a corollary to rule I. Burger and Dorgelo find a third rule, 
namely, that the intensities of the lines of the principal series are 
proportional to the inner quantum numbers of the initial levels. 
As an instance of the validity of this we may quote the case of the 
principal triplet (Is — 2p,) of mercury, the ratio of the intensities 
of the lines (5: 3: 1) being the same as the ratio of the inner quantum 
numbers of 2p,, 2p, and 2pz. 

As a corollary to rule II. we have a fourth rule to the effect that 
sums of the intensities of the lines arising from transitions having 
the same initial levels are proportional to the inner quantum numbers 
of those initial levels. This can be exemplified by the calcium triplet 
already given in the above table, the intensities being arranged 
according to the scheme shown in Table LXVI. } 

The inner quantum numbers (I) are given immediately after the 
symbols for the various levels. Rule II. states that the sums of the 
intensities in the horizontal rows are proportional to the values of I 


for the d-terms, that is to say (I +- 19 + 25) : (18 +- 54) SOO es Sea, 


SERIES OF LINES IN SPECTRA 173 


TABLE, LXVI. 
) I 18 100 


5 
3 
rp, 3) 19 54 0 
) 
2 


25 fo) fe) 


“(8) sd) 0) 


We still have to consider the intensities of the individual lines 
in a multiplet, and Burger and Dorgelo by application of their four 
rules given above succeeded in developing a method of expressing 
these. The sum of the intensities of all the lines is put equal to unity 
and the intensities of the lines are expressed as a fraction, the common 
denominator of which is the product 2RK.2R’K’ where RK and 
R’K’ stand for the values of R and K for the initial and final levels 
respectively. The values of 1/2RK are placed in a horizontal row of a 
table and the values of I/2R’K’ in a vertical column, and the possible 
combinations between the various terms are considered. Those 
which are forbidden by the selection principle are given the intensity 
o and those lines for which the transition in I differs most from the 
simultaneous transition in K are given the intensity 1/(2RK . 2R’K’), 
(Sommerfeld’s law of minimum intensity). Then the sum of the in- 
tensities of all the components in each vertical column must equal 
the value of I/2RK for that column, and the sum of the intensities 
in each horizontal row must equal the value of I/2R’K’ for that row. 
As an instance of this we may take the case of the fundamental triplet 
(df) and the values calculated for the d- and f-terms are arranged in 
Table LXVIL. 

TABLE LXVII. 


z 5 ih 
I/2RK 21 21 21 
6 
3 53. fe) fe) n3 
15 315 3* 
i= II 94 | D 
== o | x3, 
15 315 315 | 2 
| 
7 II ieee) 
- a n 
15 315 315 315 3 
i iti i ‘a 
3 3 3 | 
"42 ae Lae | 
| 
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The three combinations n3, — n4,, 3, —3,, and n3, — n3, are 
forbidden by the selection principle and therefore the values of 0 are 
assigned to these. The smallest intensity is given by the transition 
n3, — n3,, since the I transition is in the opposite sense to the ‘K 
transition, and consequently the resulting line is given the intensity 
1/(21 X 15) = 1/315. The remaining intensities are then found from 
the summation rule stated above. If these intensities are reduced 
so that the most intense line has the intensity 100 we obtain the follow- 


ing values :— 


dy 46:7(48) 0 ¥ 

Ge 8-1(9) 69-6(69) fe) 

ds 0-7 (I) 8-1(9) 100(100) 
fh h fs 


The bracketed values are those observed in the strontium triplet 
Id — 3f. 

rues of Chromium and Iron.—We may now return once 
more to the experimental side of the problem and it will be remembered 
that the case of chromium had only been dealt with by Catalan in a 
very preliminary fashion, he having found three multiplets, one of 
nine lines and two of twelve lines. In later papers he succeeded in 
identifying many more multiplets in this spectrum, and in allocating 
these to their respective series. He further showed that there are 
present five-fold and seven-fold terms. 

The chromium are spectrum was also investigated by Fraiilein 
Gieseler who published her first paper almost at the same time as 
Catalan’s first paper appeared, and in her second paper she was able 
to extend some of the series to include higher members than Catalan 
was able to do.” Moreover, she confirmed her allocation of the lines 
by means of observations on the Zeeman effect. 

The largest term entering into the chromium spectrum is a sharp 
term and has the value in wave-numbers 54640-9 (Catalan) and 54541-26 
(Gieseler) and it is to be noted that Catalan expresses the wave-lengths 
in IA. whilst Fratilein Gieseler uses the Rowland standard. The 
electron orbit is part of a septet system and isa 4s-orbit and therefore 
on Landé’s system the term is denoted by 47,, the term being called 
Is by Catalan. In this septet system there are the single s-term, 
two three-fold p-terms and a five-fold d-term, and the difference 
between the two p-terms in wave-numbers is 4436-4 (Catalan). No 
evidence has as yet been found of the fundamental series. There 
exist therefore two parallel systems of series belonging to the septet 
system, which are separated as regards the first lines of each member 
by 4436-4. 


nae Rendus, 176, 84 (1923); Anales Soc. Espan. Fis. y Quim., 21, 84 
(1923). 
he Gicseler, Ann. der Phys., 69, 147 (1922); Zettsch. fiir Phys., 22, 228 
1924). 
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In Table LXVIII. are given the two sharp and two diffuse series as 
arranged by Catalan, the symbols for the terms being those fixed by 
Fratilein Gieseler. 


TABLE LXVIII. 


First SHARP SERIES, oe = n’ (4p; — ns), 


t= 4, 3, 2. 
42, = 311420, 43, = 312545, 42, = 313359. 

A in IA. Int. Ve Av. nN. n" 
— 4254°33, TOR = — 234089 ag 
— 427480 9R ss — -23386°3 814 4 ~~: 54640°9 
— 4289-72 oR — 23305°0 

746234 = 10 E3909 Sieeri ars 

740022. 9 13509°4 Stigueee ey raoe 

735593 9 13590°8 


SECOND SHARP SERIES, 477 — nl (apt — ns), 


t= 4, 3, 2. 
47% = 267056, 47% = 268707, 474 = 26962°6. 

A inc LA. Int. Vv. Ap. n. eo 
— 3578°686 10R = 27935'27 : 
— 3593485  9R — 2782023 1304 4 546409 
— 3605°330 9R- = 27728°83 9 

11571 9 8960°4 116-2 

L1015°5 ) 9075°6 a 5 17745°2 

10905°7 6 9167'0 vat 


First DIFFUSE SERIES, 47; — n? (4p; — nd;). 


t= 4, 3, 2. Z= 5, 4, 3, 2, 1. 

42, = 311420, 4), = 312545, 42, = 31335°9. 
RADA. Int. Ve Ap. n aj. 
5329°80 2 18757°2 . : 
5329°15 SRS o's oe 435 = 12379°6 
5328°34 10 18762°4 =e pew So: 
5298-45  (Calc.) —_ 18868+2 Si Seas 434 “a Fs 5 
5298-02 6 18869°7 a * 433 = 12384°7 
5297°39 8 18872.0  ~ “B.8 ai, = 123860 
§276°07 7 PEGS Fk A se 4 * 
5275°76 7 189494. 45, = 12387°6 
5275°17 6 18951°5 
4130°62 (Calc.) 24203'5 2-9 
4130°13 (Calc.) 24200°4 4°5 57. = 69311 
4129°36 5 24210°9 Saw? Soe Sa 

3 7} 2 nee 57 = 6935'0 
4111°82 I 24314°2 We 5 34 5 
4III'SI 3 24316.0 2"9 ¥ oe = 6938'5 
41I1°02 4 24318°9 81+4 7 
4099°80 3 24394°2 13 542 — 6940°3 
409811 3 24395°5 1-9 57, = 69417 
4097°39 2 24397 "4 3 
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TABLE LXVIII.—Continued. 


SrconD DirFrusE SERIES, 477 — ni l4ey — nd;). 


= 4,3,2. @=5, 4, 3,2, 1. 
Gan Koc: 
ie 26705°6. 
A in LA. Int. Vv. Ap. n. 


698 1:04 2 14321°0 bee 

6g80:81 yi 14323°1 2-7 

6979°79 10 14325°8 115-0 

6925°99 2 14434°4 6 

692520 9 14436°0 Bs 4 
6924°14 a) 14438-2 3 15 

6883703 9 14524°5 ay 

6882:38 9 14525°9 1-6 

6881-62 9 14527°5 

505750 (Cale.) 1976771 z 

505676 (Calc.) —-19770°0 me 

5055°59 4 19774°5 115°5 

5028-71 (Calc.) 19880°3 18 

5028-25 2 19882°1 ie 5 
5027°54 3 198549 aE 

5006-05 3 19970"4 vi 

5005°77 3 19971°4 oT 

500524 2 19973°5 


Fraiilein Gieseler has added another complete term to the first 
sharp series and has identified the strongest component of the third 
member of the second sharp series. She has therefore obtained the 
three values of the sharp terms, m = 4, 5, 6, and in terms of Rowland’s 
standard these are 


47, = 54541:26 


57, = 17647-18 
67, = 8899-28. 


These are expressed by the Ritz formula, 


N. 


nig = (a + s? + o%(ns?)]? 
where: N,, = 100735:05, Ss = 052065. a7 ==. —- 2-03.03") 9@ = ae ihe 


differences (obs. — calc.) for m = 4, 5, and 6 are + 2-76, — 0-69, and 
— 0-18, respectively. 

The first terms of the two principal series have the same values 
as those of the two sharp series, but unfortunately no other terms have 
as yet been recognised. 

The quintet system has been much more completely worked out 
than the septet system, and inasmuch as this indicates the complexity 
which exists in such cases I will give the whole scheme in detail. The 
system is in reality perfectly straightforward, but it is rendered more 
complicated by the fact that there are present four different three- 
fold terms which must be principal terms since they combine with 
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both s-terms and d-terms. This leads to the existence of parallel 
series which are analogous to those already noted in the septet system. 
We find, in addition, the combination 4d; — np,;, that is to say, series 
which are principal to the diffuse series. In the following tables are 
given the values published by Fraiilein Gieseler on Rowland’s standard, 
because she has been able to express the term sequences by formulz 
of the Ritz type. The fundamental term of the quintet system is 
again an s-term 45,, which has the value 46948-48, expressed in wave- 
numbers. We may first consider the single s-term, the first three- 
fold p-term, and the five-fold d- and f-terms, and by their combinations 
we have five series shown in Tables LXIX. and LXX. 

In Table LXIX. each component line is represented first by its 
intensity, secondly by its wave-length, and thirdly by its wave- 
number. As will be seen the 4d-terms (43,) are very large, the largest 
being 46790-87 which is smaller than the s-term by only 157-61, and 
we have asa result a principal series 4d; — np; as given in Table LXX. 


TABLE LXIX. 


ERIE a 779 = 
SHARP SERIES, 45, — 79,(40, — ns). 


J = BRP Ue 
43, = 2775469, 43, = 27745°93, 43, = 27740°28. 
Ain R.A. Int. Ve Ap. n, n°. 
— 5208-60 12 19193°79 Sine or 
— 5206:22 12 19202°55 5°65 4 46948-48 
— 5204°69 12 19208:20 . 
9O10"30 6 11095°37 8.8 i 
9QO17°45 5 11086°58 oe 5 16659718 
9022:04 4 11080°92 5 
5212°38 2 19179°87 8-8 : eo 
§214°78 I IQI7 1°04 ee 6 857486 


5216°30 fe) 19165°42 

4436°65 I 22533°31 8-61 

4438°35 O 225247056, 7 §221°27 
4439°40 O = 22519°07 : 


PRINCIPAL SERIES, 45, — 73,(4s — 7p). 


TES ee ed a 
49, = 46948-48. 
Ain R.A. Int. vy. Av. mn. Moje 
5 208:60 12 19193°79 SaG 27754°69 
5206:22 I2 © 19202°55 “+ 27745°93 
5204:69 12 1920820 YS 27740°28 
3192°28 2n 31316°65 — 5 15631°83 
27 10°56 2 3688 2-00 — 6 1006648 
253272 I 39471°50 a 7 7476°92 
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TABLE LXIX.—Continued. 
DIFFUSE SERIES, 43; — m3 (42; — nd;). 
Z = 3, 2,1. Z = 4, 3, 2, 1,0. 
48, = 2775469, 43, = 27745°93, 43, = 27740°28. 
Ap. nh Noi 
12 
— 5410:00 
18479°27 4 46233°96 
10 10 212°72 
— 5348+52 5346-00 
18692:26 18700°47 46446°68 
5} 10 10 167:69 
— 5300'93 5298-28 5296°87 
18860:03 18868-28 18873-91 46614°37 
8 10 116°50 
—~ 5265°89 5264:33 
18984°95 18990°58 467 30°87 
8 60:00 
— 5247°74 
19050°59 46790°87 
I 
5295°84 
18877°58 5 8877-11 
3 2 45°17 
5308-61 5310°95 
1883218 18828-88 8922-28 
I fe) I 31-60 
5317°52 5319°99 5321°44 
18800:60 1879Q1‘QI 18786:75 8953°88 
I I 18-31 
5325°13 5326°74 
18773°77 18768-06 897219 
TABLE UXX, 
PRINCIPAL SERIES TO THE DIFFUSE SERIES, 43; — n3;. 
Z = 4, 3, 2, 1,0. z= 3, 2,1. 
43, = 4623396, 43, = 4644668, 45, = 46614:37, 48, = 46730°87, 
43, = 46790°87. 
n Noi 
10 10 fe) 
5410°00 5348°52 5300°93 
18479'27. 18692:26 1886002 a 27754°49 
10 10 8 8:42 
5346:00 5298°28 5265:89 
18700'47 18868-28  18984'95 27746°07 
10 10 8 5°74 
5296'87 §264°33 5247°74 
1887391  18990°58 == 19050°59 27740'33 
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2 2 
3266°68 3244°27 
30602°65 30814:93 
I I 
276410 2747°95 
36167°67 36380°17 


43, = 46233°96, 


10 
4351-95 
2297186 
8 10 
4385°15 — 4344°67 
22798:06 = 23010°35 
4 8 
4412°42 437145 
22057:04 22869°43 
5 
439192 
22762°81 
3 
3021-68 
33084°75 
3 2 
3037°16 3017°69 
3291607 33128°49 
(Calc.) 3 
3030" 36 
3277718  32990°01 
(Calc.) 
32875°17 


2u Ou (Calc.) 
3226°66 3214°62 
30982°56 3109907. = 3115920 
(Calc.) (Calc.) (Calc.) 
36547°97  30604°47 = 30724°47 


FUNDAMENTAL SERIES, 43; = m3. 


z= 4, 3, 2, 1, 0. 


43, = 46446°68, 
45, = 46790°87. 


43, = 4661437, 


8 
4429°62 
23037°12 
8 5 
4359°80 4337°72 
22930°52 23047°21 
6 8 8 
437342 435122 = 4339°89 


22859'07 22075°72 23035°75 


2 


3015°05 
33157°49 
3 
(Calc.) 3 
301488 
33042°86 — 33159°30 
2 2 : 
3031°46 3020°83 3015°31 
32977°94 — 33094°06 — 33154°63 


179 

5 1563167 

6 10066-40 
t= 5) 4, 3, 2, I. 


Bi ta sQe 
431 = 46730°87, 


ni, 


t= 5, 4, 3, 2, I: 
2. 


4 23262:I0 

17401 
23436°11 

141-03 
23577°14 

106°65 
23683°79 

71-40 
23755°19 
5 13149°21 

168-85 
13318-04 

138°74 
13456°78 

114°73 
1357151 

64:08 
13636°49 
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TABLE LXX.—Continued. 


2 
2684:82 
37235°62 6 8998:34 
I 3 157°96 
2696°25 2680-89 
37077'83 3729020 9156:30 
I 3 3 131°20 
270583 2690°35 2678°25 
36946°45 = 37159°12 — 37326°94 9287-50 
Ou 2 (Calc.) 85°24 
2696°51 2684°41 
37074°26 = 3.724131 = 37358°13 9372°74 
(Calc.) D fo) 67-64 
2680°83 2676°54 
37173°99  37290°20 —- 37350°78 ! 9440°38 


We may now consider the second three-fold p-term which may be 
denoted by the symbol 3. This term is shifted relatively to the 
first p-term (n3,), dealt with in the preceding tables, by Jy = 3037-03. 
The combination of this new p-term and the sharp and diffuse terms are 
shown in Table LXXI. 


TABLE LXXI. 


SHARP Serres, 45¢ — 73). 


Z = 3, 2, 1. 
454 = 24717-86, 454 = 24057-77, 454 = 2g1a1-52. 
A in R.A. Int. ve IN Ah, nd 


So 2 pees 239°93 ; : : 
— 4540°22 21990°69 A 4 40945°4 
8 21826:96 163°73 


PRINCIPAL SERIES, 4°, — 3%, 43, = 46948-48. 


BEY Ay aly 
A in R.A, Int. Ve Ap. n. nse. 

Z = 3) 2, I. 
4497°03 7 22230°62 239°91 24717°86 
4546:22 8 = 21990°69 163°7 4 24957°77 
4580:22 8 2182696 3°73 25121°52 
2988-78 3 3344918 bar 13499°30 
290418 23338854 OP 513550704 
299591 3  33335°89 rove 1361259 

(Cale.) 3776792 15°50 9164-98 
37760:04 7.28 6 9180°56 


37783°5 f 9188-44 
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PRINCIPAL SERIES TO DIFFUSE SERIES, 43; — ny. 


43, = 46233-96, 


8 7 
4646°35  — 4600°93 
2151634 21728-79 


9 
4652°34 
21488-65 


5 3 
3053°99 3034'30 
3273473 32947°08 
‘2 


3029°89 
3288662 


I 2 
2690°83 2681°48 
37069°85 3728204 


I 
268262 
37200°15 


Ses ; 
433 — 46446°68, 


6 
4665°63 
21896750 


8 
461630 
21656°41 


9 
4051°46 
21492°72 


2 
3018-92 
3311499 


ae! 
3024°47 
33054°35 


3 
3029'28 
33001°77 


2669-48 
37449°54 


5 
2670°62 
37433°70 
2 


267117 
37425°82 


AO LO 
43, = 46614:37, 


43, = 46790°87. 


8 
4591°57 
21773°07 


8 
4026:36 
2160933 


4 
3013°84 
33170°80 


Jn 
3018-61 
3311839 


2 
2062°31 
37550°36 
2 
2662°88 
37542°32 


if 
4013°54 
21669°36 


3 
301315 
33178°39 


I 
2658-62 
37602°44 
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(5 evap sah te 
43, = 46730°87, 


240°14 


163°64 


60°65 


52°47 


6 


24717°79 


24957°93 


25121°57 


13499°40 


13560°05 


13612°52 


9104°53 


9180°57 


Qi 88°55 


As already stated there are yet two more three-fold p-terms, which 
we may denote by 3? and n5¢ respectively. 
former we have the sharp series as shown in Table LXXII. 


TABLE LXXII. 


ns = 10283'29, 


Ain R.A. 
— 2726:60 
— 2'732°00 

- 2730°57 

15680°50 

15861-60 


Int. 


SHARP SERIES, no —n>,. 
t= 1h ONT, 
b . b 
n5 = 1035585, 75 
Ve Av. nN. 
36605°19 ae 
3059263 fF 32g 
305310 55 
O7S4Ae wane 
6302°67 72°58 5 


5 
5 
4 
3 
5 


= 10416°93. 


46948°48 


16658°57 


In the case of the 
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With only two terms it is not possible to fix the value of m for the 
principal terms, but if these terms obey a Ritz formula the magnitude 
of the term given in the above table suggests that m = 5. If this is 
the case there should exist a p-term with m = 4 and a magnitude of 
about 20700. We should expect therefore a strong principal triplet 
45, — 452 at about v = 46948-5 — 20700 = 26248-5, but this has 
not been found. On the other hand, a complex triplet occurs which 
would seem to be due to the combination 43; — 43; and in that case 
would agree with the above principal term having the total quantum 
- number 2 = 5. Unfortunately the Zeeman resolution of the lines is 


not known and this conclusion cannot be verified. The two terms 
are shown in Table LX XIII. 


TABLE LXXIII. 


PRINCIPAL SERIES TO DIFFUSE SERIES, 43; = nse. 
z= 4, 3, 2, 1,0. 
45, = 4623306, 45, = 4644608, 43, = 46614°37, 43, = 46730°87, 
43, = 46790°87. 


Ap. n. ne 
3 2 5 
3853°34.  3822°20, 379784 
259044°30 26155'62 2632341 4 20291-OI 
4 I 2 61-o1 
383 1°15 3806'70 — 3789°85 
26094'53 20262°16 26378-8909 20352'02 
3 5) 4 55°54 
3814°74 — 3797°84 = 3789-00 
26206'75 26323°41 26383°27 20407°56 
8 2 I 
2780°79 2704°45 2751-69 
35950°66 = 36163°79- 36330°74 5 1028326 
6 4 3u 72°95 
2770°01 275719 274838 
36090'53 9 36258-28 =. 3637448 1035621 
3 3 3u 66°72 
276185 2752°96 2748°38 
3619712 3631399 36374°48 10416°93 


Assuming that the allocation in Table LX XIII. is correct, the dif- 
ference between the p%- and p?-terms is Mv = 4426-78. 

Finally, we have the fourth three-fold p-term which we denoted by 
n3;, but as only two triplets have been identified which involve this 


term we have no information as to the value of m. The values are 
given in Table LXXIV. 
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TABLE LXXIV. 
PRINCIPAL SERIES, 4°, — 3. 
(PE BO Tie 
A in R.A, Int, Wee 


“4° 
2544°82 3 39283°93 : 7664°55 
253007 23937287 894 pene or 


2535°37 2 «3042748 «5458 5807.03 


PRINCIPAL SERIES TO DIFFUSE SERIES, 48; -- n>. 


ta A 302, U, On (t= 3 oe I 


Av. nee. 
3 2 I 7 
259104 = -2577°75 = 2566°64 
38569°83 38782-09389 50°06 766455 
2 2 I 89:10 
257184 = -2560°79 2553714 
38871°33  39039°02 —-39155°95 7575°61 
2 2 I 54°34 
255723 © 254960 25.45°72 
39093°35 — 39210°30 — 39270°05 7521°03 


In addition to the foregoing combinations, there are three other sets 
of d-terms which combine with the normal d-terms used in the above 
tables. These new d-terms we may denote by the symbols 7°, nse, 
and n3;, respectively, where 1 = 4, 3, 2, I, O in each case. The three 
multiplets given by the combinations are set forth in Table LXNXV., 
which is taken from Fraiilein Gieseler’s first paper. 


TABLE LXXV. 
First MULTIPLET, a; —n 
Mim Thy By OY Vie). 
45, = 46233°96, 45, = 46446°68, 43, = 4661437, 43, = 46730°87, 
430 = 46790°87. 


5a 
30° 


9 6 
3919°31  3886°94 es - 
25507°60 25720:03 La 207 26°42 
5 7 6 144°49 
394164 = 3908-90 388341 a ee 
25363°14 25575°51 25743741 n3, = 20870°89 
8 6 ome 129°66 
3928'79 — 3903'09 _3885°36 = : 
25446:07 25613°57 25730°49 232 = 21000°50 
7 5 6 118-24 
392119 3903°31 389 4°18 7 
25495°38 25612'20 25672°22 no 21118-72 
6 85°52 


3916°38 
255206°68 435 = 21204'16 
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TABLE LXXV.—Continued. 
This multiplet is the second of those discovered by Catalan. 


SECOND MULTIPLET, 43; = ns. 
Lt AO OPO s 
& é 76 
2996°59 = 2907" Sh ow ee 
33473°36 33685-80 nd) = 12760°65 
3 3 4 206°97 
300517 29086711 297122 eae i. 
33266°47 33478°75 33646°69 23, = 12967°61 
3 B 3 167°18 
300110 =. 2985-98 += 297560 BE Laut 
33311'57 33480731 3359729 m3, = 13134°15 
3 2 4 119°87 
299669 ~©=—. 298625 —S ss: 298091 % 
33360°57 33472°29 33537°25 M3, = 13253°65 
64°54 
299202 
33412°75 n5? = 13318-09 
THIRD MULTIPLET, 43; — nei. 
(Ss Tl, Bh, PX Oy 
3 2 
2889°37. 2871-75 S 
34599°68 9 34812-03 ni, = 11634°38 
2 we 2 260:06 
291125 289336 2879738 . 
34339°60  34551'99  34719°69 m3 = 11894:52 
3 é : 209°54 
291101 2896°86 2887-10 
34342°43 34510°25 3462688 nx, = 12104:02 
2 : Zia 145-92 
290917 2899731 289428 ee 
34364°26 34480°97 34540°97 m3, = 12249°99 
a 74°49 
2905°59 Ke 
34406-48 736 = 12324°36 


This completes the list of lines which arise from combinations of 
the terms of the quintet system of neutral chromium as far as the 
series relationships have been worked out. It was shown previously 
that the s-terms in the septet system can be expressed by a Ritz 
equation. Fraiilein Gieseler gives some interesting facts as regards 
the terms of the quintet system which may be recorded here. In 
the first place, the s-terms (n3,) can be fairly accurately expressed by 
the equation 

Noy 


= ———— 


12 [m+ s® + g5(ns5) |? 
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where N,, = 109735°95, s® = 0:5882, and o® = — 1-289 x 107 § with 
the following errors (obs. — calc.) :— 
n= 4 5 6 7 
— 705 + 2-52 — 0:86 — 6:62 


The principal terms (n};) cannot be directly expressed by a Ritz 
equation, but if a constant number be subtracted from them they can 
then be so expressed with the ‘exception of the first term which 
deviates from the calculated value by an amount which is approxi- 
mately equal to the constant. This is analogous to the case of neon 
as noted by Paschen.! The differences (obs. — calc.) are given in 
Table LXXVL., the Ritz equation being 


eer NY 
ER AGEL, = 


[2 + p} + 7} (np7))}* 


TABLE LXXVI. 


~,— A =n, red., N_ = 10973505, A = 2920. 


n= 4 5 6 7 
p5 = 08078, nS = 3-252 x 10-8 
— 2937711 —o2 — 0°03 gi 
2 ox 0°8973, us = 3°2856 SoTO+ ° 
— 203487 —I'17 — 115 — 0°05 
ps = 08973, m ==3-28001 10a” 
— 2937°72 — 0:67 — 0'97 + 0°33 


It will be noted that the 73, and n%¢ terms are reversed terms (see p. 139). 
A relationship somewhat similar to the above exists with the 3f terms, 


but in this case there is no divergence in the values for the first term, 
as may be seen from Table LX XVII. 


TABLE LXXVII. 


Sa Ne Sa 
n>* A= 7; red. 


n= 4 5 6 
A = 3053°36, p3* = 0'2323, m3” = 8454 X 1077 
+ 0°20 — 0:26 + 0°30 
A = 3033°26, p>* = 0:22041, w= 7726 19-4 
+ 2°41 eh AD ee + o'31 
A = 3001 p> = 0°2052 m>* = 9:9698 x 107% 
1:28 (O01 — 0°04 


1 Ann. der Phys., 63, 20 (1920). 
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A relation similar to the last also exists with the fundamental 
terms as set forth in Table LXXVIII. 
TABLE LXXVIII. 
m3 —-A= 0; red. 
Wome 4 5 6 
A = 2967, = 0'23986, $5 = 41193 X Io~® 
— 610 -- 1:99 — 0:92 
AG E3LKO=5), 103233018 op =) 4420) Xe 1 Ome 
+ orl — 0:06 0-00 
A = 3231°54, fg = 022908, Gas rer! 
+ 0:9 + 0°24 or18 
A = 3278, fe = 0°21031, $2 = 5335 X 107-8 
+ 3°29 + 0°91 ae 
A = 3347; J, = 021157, $, = 5°258 x 107% 
+ 0°59 — 0°21 1 O22 


In addition to the combination between the septet terms and between 
the quintet terms, there also exist combinations between septet and 
quintet terms. Five of these combinations were recognised by Catalan 
and one additional combination by Fratilein Gieseler. 

In the foregoing description of the multiplets in the arc spectrum 
of chromium reference was made to the fact that the fundamental orbit 
is the 4s-orbit of the septet system and that this term in wave-numbers 
has the value 54541:26. It follows from this that the absorption 
spectrum of metallic chromium vapour should show the lines of the 
principal series which in the emission spectrum are given by the tran- 
sition 4s — np,;. As there are in the case of chromium two triplet 
p-terms, the absorption spectrum should show the two triplets 
4s — 4p; and 4s — 4p%, which consist of the lines at A = 4289-92, 
4275°OI, 4254:52, and 3605-49, 3593, 3578-81, respectively. The ab- 
sorption spectrum of chromium vapour was observed by Fraiilein 
Gieseler and Dr. W. Grotrian,! who used a quartz tube heated to 1250°, 
and these two triplets were the only lines observed. It might have 
been expected that the principal triplet of the quintet system would 
be observed as absorption lines, but these lines are weak in the 
emission spectrum, and consequently we may conclude that the prob- 
ability of these transitions taking place is too small for these lines 
to appear in the absorption spectrum at such low densities of chromium 
vapour as are obtained at 1250°. These observations completely con- 
firm the allocation of the chromium lines by Catalan and by Fraiilein 
Gieseler. 

As will be seen from the foregoing account of the work on the 
multiplets of chromium and manganese, the position arrived at is 
one of great interest. At one end of a horizontal row of the periodic 


1 Zettsch. fiir Phys., 22, 245 (1924). 
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table we have potassium and calcium, followed by scandium, titanium, 
vanadium, chromium, manganese, and iron. Whereas potassium 
exhibits doublet terms and calcium exhibits singlet and triplet terms, 
the question at once arises as to the nature of the spectral terms of the 
three elements lying between these two and chromium with its quintet 
and septet terms and manganese with its quartet, sextet, and octet 
terms. It is not surprising that these three elements, scandium, 
titanium, and vanadium, were at once examined for the existence of 
multiplets which as a matter of fact were readily identified. It is of 
great interest to note that odd and even multiplicities alternate, since 
scandium shows doublet and quartet terms, titanium shows triplet 
and quintet terms, and vanadium shows quartet and sextet terms. 
There is no need to enter into the details of this work and reference to 
the various publications will be sufficient. 

Of the elements in the above-mentioned horizontal row of the 
periodic table there remains to be considered only the case of iron, 
which by the scheme of alternation should show terms of uneven 
multiplicities, since this element follows after manganese, the spectral 
terms of which belong to the even systems of multiplicities. The 
first evidence of multiplet structure in the arc spectrum of iron was 
obtained by Walters ? who succeeded in identifying twenty multiplets. 
Subsequently two masterly papers have been published by Laporte # 
who discovered altogether fifty-three multiplets and was able to prove 
the existence of triplet, quintet, and septet terms. Laporte proved 
that these multiplets conformed to Landé’s rule as regards the interval 
ratios and to the rule of intensities as enunciated by Sommerfeld and 
by Landé, and confirmed by Burger and Dorgelo. Then again, the 
whole group of multiplets conforms to the rules of the Zeeman effect 
as established by Landé and to be described in Chapter II. Further- 
more the lines which are grouped together in multiplets are, in general, 
lines of the same temperature class or at any rate of two neighbouring 
classes. Laporte has been able to identify the various terms involved 
and to determine their relative magnitudes. Lastly, he has been able 
definitely to allocate 600 of the iron arc lines, that is to say, about 
one-quarter of the total number. We may discuss Laporte’s two 
papers separately, and commence with the first. 

The complexity of the iron spectrum is greater than that of the 
chromium spectrum, since in only very few cases was more than one 
term of any series identified. Except for these instances each multiplet 
forms a single member of a series. 

As has previously been explained the transitions in the azimuthal 
quantum number kare restricted by the selection principle to 4k = +1, 


1Scandium: Catalan, Anales Soc. Espan. Fis. y Quim., 20, 606 (1922); 21, 
464 (1923). , eaten ; 

Titanium: C. C. Kiess and H. F. Kiess, 7. Wash. Acad. Sct., 13, 270 (1923). 

Vanadium: Meggers, zb¢d., 13, 317 (1923) ; Laporte, Phys. Zettsch., 24, 510 
(1923). a 

27. Wash. Acad. Sct., 13, 243 (1923). 

3 Zettsch. fiir Phys., 23, 135 (1924); 26, I (1924). 
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but this was deduced for electronic orbits of the type of those of the 
alkaline and alkaline-earth metals, which are not present in the deeper 
orbits of the iron atom. It is not surprising therefore to find amongst 
the numerous multiplets of the iron spectrum two due to the combina- 
tion (pf) which with 4k = 2 contravenes the ordinarily accepted 
selection principle. 

It will be remembered that in the cases of chromium and manganese 
several terms, e.g. d-terms, with the same azimuthal quantum number 
were identified and that combinations occurred between some of these 
and not between others. In all probability those terms with equal 
azimuthal quantum number which combine together belong to dif- 
ferent states of the atomic trunk, and it is necessary to differentiate 
between the two types. The German scientists, following the lead of 
Gétze,! speak of them as ungestrichene and gestrichene Terme (e.g., 
d and a’), and in order to avoid the somewhat ambiguous literal trans- 
lation we may write them as d and d*. The contravention of the 
selection principle has already been mentioned (see p. 117) and will be 
discussed below.? 

It is important to note that, although the selection principle is 
disobeyed in two cases as regards the azimuthal quantum number, 
Sommerfeld’s selection principle for the inner quantum number is 
rigidly obeyed, according to which 47 = +1 or o, and that the 
transition 7 > 7 = 0 + 0 is forbidden (Landé). 

Laporte used three criteria in the allocation of lines to each multi- 
plet :-— 

1. Sommerfeld’s rule of intensities. 
2. Landeé’s rule of interval ratios. 
3. Zeeman effect. 


As was shown above the orientation of the inner quantum numbers 
is given by the relation 
r= 21, +1, 


where 2, is the true inner quantum number (Sommerfeld) of the sharp 
term, and 7= I, 2, 3, etc., for singlet, doublet, triplet, etc., terns: 

We may adopt ‘Laporte’ s symbols for the various terms, since 
the values of the total quantum numbers n have not yet been deter- 
mined. The terms of the quintet system are denoted by 9, d, f, g, 
and those of the triplet system by P, D, F, G. The total number of 
terms given in the first paper are as ‘follows : — 


Quintet system, p, p?, at, d*, d* da" de") ere. fs fis ie 
Triplet.system, P?, D!*, FL Fle Gl 


from which the combinations shown in Table LXXIX. have been 
found. 


1 Ann. der Phys., 66, 285 (1921). * See below, pp. 202 and 290. 
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TABLE LXXIX. 


1 (d'p%) 10 (fi*d*) 18 (d'*d2) 26 ~ (f!* F) 
2 (d'p*) rr (fa) 1g (fd?) ah pay) 
3 (did'*) 12 (f*F)) 20 (F1*D1*) 28 (f*P) 
4 (d'd?*) Boe, py) 21 CE) 29 (Fi*d**) 
5 (dda) rAnfes) 22 (FF) 30 (F*/?) 
6 (dif?) Dias ce.) 2 ia ed Ce) 1 la ane) 
7 (a’f?) 16 (f1*p?) 24 (d'P?) 32 (88") 

8 (df*) 17 (ptd?) 25 (@*b™) 33 (78) 

9 (fit) 


In Tables LXXX. to LXXXIII. are set forth the first set of 
multiplets. In each case there are given in order the wave-length, 
intensity, temperature class, wave-number, and the term combination 
of the lines composing the multiplets. There are also given at the 
end of each multiplet the values of the interval ratios as observed 
and calculated by Landeé’s rule. 


TABLE EXXxX, 
QUINTET SYSTEM. 


MULTIPLET No, I. 


Combination dj — ~;, 48 = +1. 


347671 40 I. 287546 adipt | 34q009 8975R 1. 290532 dh ph 
3465°36 6or I. 288446 dipr | 3526:07. 20 I, , 283521) (aise 
3443°88 sor I. 290288 dip | 3490°58 1007 I. 286403 a 3p) 
3497°84 40 I. 285809 dip) | 3440°61 I150R I. 290563 dP; 
3475°45 yor I. 287651 2p; 


: 2 > 29 0:9: 1:8: 2:7: 4 obs. 
Interval ratios, Md+ 89:9: 18471 : 288°1 : 416:0 = { at a 3°0 = 4 ele; 


f1-9:3 obs. 


Ap} 263-7 : 412°9 = 2:0: 3 calc. 


Muttip_et No. II. 
Combination d; — p;, Ak = + 1. 
2744°:07 10 II.  36431°44. d@5p7 | 2720°91 4or II. 36741°55 d 3b; 
2737:31 20r II. 3652139 «ad pt | 277211 I III. 36062:94  @) 95 
2723°58 15 Il. 3670550 di pi | 275015 25R II. 36351-00 dP; 
2756°33 20 I. 36269738 «6d ip? | 2719°04 6OR II. 36766°84 dP; 
274241 30r II. 3645353 @,2, 


Interval ratios, 4d! as in No. I. 


190 SPECT ROSCOEY 


TABLE LXXX.—Continued. 


MULTIPLET No, III. 
Combination d; — d;* Mk = o. 


3895-66 257 1.) 25662:35 a id>* | 3856-37 100R I.A 25923:77 dd." 
3920°26 207 I. 25s01-31 did?* | 3930-30 «= 25R_ I. 2543614 dd* 
390648 8 I. 2559123 didi* | 3886-29 4oR I. 2572424 dod” 
3878-58 1o0R II. 25775-35 @d5* | 3824-44 100R I.A 26140:19 dia," 
392793 30R I. 2545145 aid," | 3922-92  25R I. 25484:03 d3a," 
389971 30R I. 2563567 dd5* | 3859°91 300R I.  25900-00 aia," 


Interval ratios, 4d! as in No. I. 


"2s Das 3e2 = bs. 
Ad! p11 1397: 399° 2402 = [22 !23:33:4 he 


MULTIPLET No. IV. 
Combination d; o pbs Ak =o. 


300814. GOR I. 3323345 did2* | 2904:43 ~100R 33385°54 dd3* 


3025°85 soR I. 3303901 @jd2* | 3047-61 100R 3280310 da" 


3000°95 r100R I.  33313°08 adid?* | 2983-57 125R 33507°13 dias” 


32679:98 dai” 


I 
I 

301763 157 L.A 3312896 didt* | 3021-08 I150R I. 3309117 d3d3* 
it 
303739 80R I. 3291343. a@jd5* | 3059:09 100R I 
I 


3020°50 100R II. 33097753. d,d3* | 3020°64 200R 33095'93 dia 


Interval ratios, dd! as in No. I. 


eae aes arte pF PORES) Gch OSs 
Age 104°5 ¢ 2155: 2044 varie = {1058 oo 4 Oe 


MULTIPLET No. V. 
Combination d; os d3* Ak =0. 


252429 8r II. 3960302 djd3* | a510:84 I5R II. 39815-25 d,a3* 

253561 8r III. 3942634 dod3* | 2545908 107 III. 39265-71 dia** 

252983 3 III. 3951646 did3* | 2527-44 157 II. 39553:82 a,a>* 

251811 127 Il. 39700:36, d@id%* | 250114 2oR) I+ 30060-72 dias 

2540°98 I0R III. 39343:20 djd3* | 254962 107 III. 39209'92 d,a3* 

2529114 3 — 3952720 did3* | 2522-86 4oR II. 39625-63 aias* 
Interval ratios, Jd! as in No. I. 


OM Ons OakObse 


Ad** 86:6 : 173:2 : 261°5 : 344:0 = heer pea 


3745°90 
3733°32 
3707°83 
3748-26 
3722°57 
3683-06 


8oR 

80R 

207 
125R 
100R 


207 
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MuLtTrPLeT No. VI. 
Combination dj; — f; 4k = — 1. 


LA 2668831 do fi | 3745°56 150R I. 2669069 
IA 2677822 dif} | 3705°57 100R I. 2697876 
I. 2696243 di fi | 364931 207 I.A 27394:67 
ii 26671°45 aif, | 3737°14 200R I.  26750°88 
ILA 26855:57 a3 f2 | 367992 100R I.A 2716682 


LA  27143'66 ashy 3719'°94 300R I. 2687 4°53 


Interval ratios, 4d! as in No. I. 


2965°26 
2957°37 
2941°34 
2970°11 
2953°94 
2929°01 


Interval ratios, 4¢1 as in No. I, 


2489°76 
2484°19 
2472°88 
2491°16 
2479°78 
246219 


(?) 


257 


NES ise? e300 ODS: 


Af? 1067 : 164°9 : 227-9 : 292°3 = \notsinwaor = tale 


MULTIPLET No. VII. 


Combination d; =<fj 4k = —1. 
II. 3371406 dif? | 207314 60R I. 33624-72 
II. 3380397. dif? | 204788 60R I. 33912°84 
I, 3398812 diff | 291216 207 I. 34328-72 
I. 33659°02 diffe | 207324° 6oR I. 33623:60 
II. 3384318 © 7/2 | 2936-90 6oR I.  34039°53 


TesArstest asta 2966-90 125R II. 3369537 
" 2°1 : 3°23: 4°2: 5 obs. 
Af? 144-9 : 218°5 : 289°2 : 3441 = fees : Ae : << : : cale. 


MULTIPLET No, VIII. 


Combination d; — f} 4k = —1. 
II. 4015242 a3 f3 | 249066 =30R II. 40137-91 
II. 4024245 a@yf} | 2472-91 6R II. 40425:96 
II. 4042653 d)f2 | 2447-72 4 II.(?) 40842-01 
II. 4012979 ay f3 | 248815 4oR II. 40178-41 
II. 4031395 @,f3 | 246265 107 II. 40594°35 
III. 40601°94 ath | 248328 60R II. 40257-21 
Interval ratios, 4d@' as in No, I, 
Ap vias: 1760: 247°: gypt = {29:26:37 75 che 


19I 


aif ; 
ay: 
as 
as, 
as, 
as, 


at3 
asf; 
ait; 
ati 
at, 
aS; 


aps 
aif 
ap 
aif 
if 
aif 
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TABLE LXXX.—Continued. 
MuLtTIPLeT No. IX. 
Combination f;* = a* 4k= +1. 
543453 30 I. 18395-76 fy*dg* | 5506-79 18 I. 
545562 40 Is 18324166 ~1f2*2,"| §420:70) “go 1 
5405°78 4o I. 1849359 5%," | 532804 50 I. 
5407752 15 1. 18184-9098 f7*25* | 5501-47. 12 I. 
5446-92 40 I. 1835390 f,*d,* | 5397714 40 I. 
Reyne te I Tekan ies 526954 60 — I. 
Interval ratios, Ad1* as in No. III. 
Aft 168-9 : 257°7 : 3513: 448'5 = ee os 
MuLtipLeT No. X. 
Combination f;,* — d}* 4k = +1. 
3849°97  4or II. 2596689 fi*d2* | 3917719 8 nite 
3865°53 407 II. 25862:38 f1*d2* | 3878-02 60R II. 
3840°44 60R II. 26031-30 ak | 3825-89 125R II. 
3898-01 10 II. 2564686 f1*d2* | 3940°89 35 ~3=SCXT:.. 
B87 2°51 (GOR: Ls 2581577) Goa e* eg507 05 wks ie 
383423 80R II. 2607350 f3*d2* | 3820-43 200R II. 
Interval ratios, 4f1* as in No, IX, ' 
Ad?* as in No. IV. 
MULTIPLET No, XI. 
Combination f,* — di* Ak = +1. 
3091°58 20 TL; 6233050 “7a” llesteg-Gon vtsee eile 
3099990 15 II. 32249°79 f7*d3* | 310067 20 II. 
3083°75 20 Il. 324187 70%d2*" | 3067'25 Bory AI; 
3116212 “TIT 932076657 ya ecient eRe 
3100'31 20 Il. 32245°56 f2*d3* | 3099°97 20 Gl, 
3075°72 25r II. 32503:25 f,"d3* | 3057-45 4oR II. 


Interval ratios, 4f1* as in No. IX. 
Ad** as in No. V. 


18154°40 
18412°11 
18763°40 
1817192 


25521°32 
25779°05 
261 30°35 
25367°84 
25719°16 
26167:66 


31983°99 
32241°78 
32593°04 
31897°78 
32249'05 
3269750 


fra 
I wpe 
tae da," 
fray 
fea 
fia 


ae 


foe 
fied 
Page 
Bn 
Tx 72% 
F4*@, 


Ty 72% 
sya 


go 
OS 
ji ae 
ae 
Ota 
i, 5 


5123°73 
5079°74 
5151-92 
5107°45 
5041°08 
5150°85 
§083°34 


~y Oy eat) GN Ge eS) 


3767°19 60R 
3743°360 40oR 
3787°88 30R 
3763°79 80R 


372762 40oR 


3795700 40R 
375823 125R 


3031°64 
301620 
304203 
3026°47 
3003'03 
3042°07 


3018-99 


VOL. 
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fea} hase Me ab slabs they 


HON 
LONE, 
Ill. 
III. 
IME, 
III. 
DU 


MUuLTIpLetT No. XII. 


Combination fi;* — f’, Ak = 0. 


1951163 
19680°55 
19404°86 
19573°77 
19831°51 
19408-90 
19666:61 


J. Lf Aooets. 8 


fe 
ae 
IPSs 
Fe I 
Cae 
Fete | 


5142°93 6 
5051°64 10 
4939694 
5127°36 


Keniexey? 5103 


Interval ratios, 4/!* as in No. IX, 
Af as in No. VI. 


Mu.utTiPLeT No. XIII. 


Combination f;* 


26537°43 
26706°35 
26392°53 
20501°42 
20819715 
26342°908 


26600'7 1 


Pe Sy 
tat 
fits 
ae 
Fee 
eae 


2 


Les 


=f; 4k =0. 


3709'25 4oR 
379955 40R 
3749'49 125R 
3687:46 4oR 
379851 = 30R 
373487 I50R 


Interval ratios, 4f1* as in No. IX. 
Af? as in No. VII. 


MULTIPLET No. XIV. 


Combination f';* — f} 4k = 0. 


32975°86 
33144°67 
32863:°30 
33032°22 
33289-98 
32856°31 
33114°06 


be 
L2St 
A 
ar 
taka 
rae 
Bad fe 


2987:29 10 
304175 15 
3009758 257 
290948 10 
3040°43 15 


2999°52 30R 


Interval ratios, 4f1* as in No, IX. 
Af® as in No. VIII. 
i) 


ae I coe ee coe, | 


20017°93 
19435°75 
19790°04 
20238°55 
19497°77 
19946:28 


2695 2°00 
2631 1°47 
26662°76 
27111°27 
26318°65 


26767°12 


33329°02 


193 


fos 
see 
ae 
‘ee 
oe 
ee 


ue 
pe 
Fels 
f5'F4 
ee 
ISS5 


pee a 
pie 
pat 
fas 
Prk 


cle ¢3 
lee: 
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TABLE LXXX.—Continued. 


MuLTIPLET No. XV. 
Combination f,* — gj" 4k = —1. 


3608-86 80R I. 2770170 fi*g,* | 3631-46 I100R I. 27529°29 bee ee 
3586-99 25R_ II. 27870°61 fit ak | 3885-71. 2oR Aly 2788057 foes 
355412 12 III-A 2812834 f3*g,* | Calc. — — 28329-10 Rar oe: 
3618-77 100R I. 27625-84 Ls 3647°85 100R I. 27405°65 ties 
3585°32 30R II. — 27883°56 f3*g3* | 358911 tar HII. 27854°18 me a 


354071 8 TILA 28234°85 f/*g,* | 358120 200R I. 27915-62 Vee 


The line at A = 3581-20 (v = 27915:62) is the only line in that region 
of the spectrum which could possibly be considered as having its origin 
in the transition /;* — g¢*, but as is obvious its wave-number is 
entirely out of place. The correct value should be approximately 
28424. Great confidence could not be felt in the reality of this g3* 
term were it not for the fact that Laporte finds the intercombination 
(F1*g'*) in which the levels g2*, g3*, g,*, and g:* take part. No con- 
firmation can be obtained from this as to the g§* level, since the selec- 


tion principle forbids the combination between it and any level of the 
Fl* term. See, however, Multiplet No. XLVII. 


Interval ratios, 4f1* as in No. IX. 


“As meme oe -? 
Ag 244-8 : 354°3: 474-9: — 614 = 4 7°03 37: 5:0: ? obs. 


301470) 15:0),/01cale. 


MULTIPLET No. XVI. 


Combination fj," —~ Ape 


341727 1 — 2g25q-81  fi"Ar 3396-98 3 ILA 2942948 f5*2? 
3397°64 2 ILA  29423°76 f,"P; | 347350 1 = — 28781-2212? 
3446:97 I — 29002°73 72: 344268 2 IILA  29038+87 aes 


342699 2 IIIA 29171-76 f1*p? | 3401-52 4 CII. 2939018 | f1*p? 


Interval ratios, 4f!* as in No. IX. 
Ap? as in No, II. 


Laporte attributes this multiplet to the (f!*p2) combination rather 
than to (f?*D) in spite of the transition in k, and considers that his 
arrangement is confirmed by the Zeeman resolution of the lines, 
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MULTIPLET No, XVII. 


Combination pj —d Ak = —1. 
6302°51 6 V.  15862:31 pid | 630152, 15 «IV. «= 15864°79 pid? 
6336384 12 V. 1577637 pid? | 6411-67 12 IV. 1559224 £245 
640804 8 =0V.~— 560108 «= pid? | 6141-73 gCSViwSs«d16277-41 p32; 
6232°67 5 V. 16040:06 pid? | 624634 15 V. 1600494 p3d3 
6400.02 25 «IT. = 1562063 pia 


Interval ratios, 4p! as in No. I. 


Aa? 869: 1753: 2725: 3843 ~ {O9:TS:28:4 obs 


MULTIPLET No. XVIII. 


Combination di* — di Ak =o. 


527318 1 — 1895864 d>*d? | 533995 12 V.  18721°57 di*a' 
522984 5% V. 1911572 di*d?-| 520861 7 IV. 19193°65 d3*a; 
5253°48 1 — 19029771 di*d? | 5283-63 18 IV. 18921-12 did: 
5302°32 10 V. 18854745 di*d2 | 530319 10 IV. 1853678 dx*d‘ 


Bers zo Ge TLV; “19r6o-4ietd "a> | harp ar 5 V.  19161°28 did; 
5263°32 8 V. 18994715 @3*d? | 5324:20 30 IV. 1877696 didi 


Interval ratios, 4d!* as in No, III. 
4d? as in No. XVII. 


MULTIPLET No, XIX. 


Combination f, —d= Ak= +1. 


t 


557611 10 IV. 1792869 fj@2 | 557286 30 IV. 17939°15 fid? 
5602.97 10 IV. 17842°7 fd: | 565884 10 IV.  17666°58 lee 
565854 1 — 1766750 fd) | 578469 1 — 1728223 fod? 
556963 20 IV. 1794953 £2477 | 558677 40 IV. 1789446 fd? 
5624756 10 IV. 1777423 fidz | 570940 «6 100M, agst015 fd? 
5712715 1 — soz f4d5 | 561566 50 IV.  17802°37 4.0 


Interval ratios, 4f1 as in No. VI. 


Ad* as in No. XVII. 
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TABLE LXXXI. 
Triplet System. 


MULTIPLET No. XX. 


4k = +1. 


. . E I 
Combination ¥ * — De 


Nie 
1 
IDL. 


Ill. 
Ole 


3841-05 807 
3888-52 


2002717 Ee 10." 
25709'46 F)*D>* 


IxTyIx 
F<Dy 


3966:07_ ‘10 
390295 


3815-384 


25200°77 


20 20 25614°41 


3827°83 757 260117°10 1oor II. 26199°11 


2°8: 4 obs. 


Interval ratios, 4F1* 407:6: 584°7 Sea eales 


. IQ : 3 obs. 
AD™ 317-7 : 502°7 = ee : 3 cle 


Ix Pyle 
oa 
Ix Ix 
F, D, 
Ix pylx 
Fi*D} 


This is a triplet which is quite analogous to those of the diffuse 
series of the alkaline earth metals, but the separations are remarkably 


great. Indeed, the difference 584-70 is the largest in the 
spectrum. 
MuLTIPLET No. XXI. 
Combination F* = De Ak= +1. 
527026. 8) 1D. 78968-75 *D* | 544692 6 I.  18353-91 
534803 <5) UL. 8717-80 B*D* || 592854" oe Ils 18716-66 
522719, 8 = Il, “ro1e5-43 Dee 5167-49 8 II. 19346-40 
Interval ratios, 4F1* as in No. XX. 
2% fOce Fon on) 2:O1s82-9 obs: 
Oe SOY OO =a eee hae 
Muttietet No. XXII. 
Combination ¥;* — F; Ak =o. 
4o7t-75 40 Il. 24552:57 ° FO*E? |! 3960-26 30. II, 2518648 
4005°25 25 II. 24960-20 Les 4143°87 30 I. 24125:21 
4132:06 25 II. 24194°19 1 sell 4045°82 607 II. 24709-91 
406360 45 II. 24601-78 Pe 
Interva! ratios, AF1* as in No. XX. 
MN Rion sia oY Oe Aes, 
BSA RTOS (3:0: 4 cale. 


whole 


Ix P)2* 
FADS 
Tx T)2% 
F; = 
Tx T)2* 
- iy 


Ix fl 
F, Fy 
Ix Pl 
o Fy 


Qi # pt 
F, F, 
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MuLTIPLetT No XXIII. 


Combination Fi* = G;* Wim te 


_ 


4325°77- 35. IL. (2311076 FL*G* | 4307-91 35 

4250°79 25 II. 23518-41 BG 420200 NS Omura m 22701933 BG: 

4147-68 to III. 24103-11 Pee 4271-76 35 
Interval ratios, JF1* as in No. XX, 


1% iQ , _ [40:5 obs. 
AG™ 311-8 : 388-4 = \4:0: 5 calc. 


_ plete 
I. 23206:58 FE G, 


— 


a legrix 
I. 23402:96 a G, 


ARAN Bi b1d, ILROORIUE, 
Lntercombinations. 


MULTIPLET No. XXIV. 


Combination d; a= PO) Ag = 15: 


29697365 II. _ 3366744 di Pi | 302404 157 IA  33058-78 aiP. 
29947502 Tn= | 33384784; . 2iPt | 300728) ‘rar: I, 33242°94 @>P> 
2980-46 3 - Ill. 33474-42-——d PY | 208145 © 20 IT. 33531°00 ae. 
2970'II ? —  336§9:02. 22 P) 


Interval ratios, Jd! as in No. I. 


_ {0°9: 2 obs. 


AP? 192-72 : 415-9 = \ ro): 2°cale: 


The line at A = 2970-11 was also used in Multiplet No. VII. as d} — f3. 
The fact that the two components of the two multiplets have the same 
wave-length makes it impossible to assign any value to the intensity. 


MuttipLer No. XXV. 
Combination d; — Dj* Ak =0. 
2629760 2 III. 38017:28 d5Di* | 2612-79 «2 ‘III. 3826189 @D,* 
262338 2 III. 38107°43 @iDi* | 2667-92 2 III-A  37471-29 @,D;" 
2610°7 ie JU, 3829161 9 d@5Di* | 2647757 4 ‘III. 37759°26 @,D;" 
264543 2 IIIA 37789:78 do | 2618725 2. HT. 38175°22 dD;* 


263260 4 IIIA 3797389 4@,D;" | 
Interval ratios, dd! as in No. I. 
AD}* as in No. XX. 


Laporte states in an addendum to his paper that he has found a 
multiplet of nine lines between A = 3265-06 and A = 3191-67 formed 
by the combination d} — D?*. This new multiplet must be the second 
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TABLE LXXXII.—Continued. 


member of the series d} — mD*, of which Multiplet No. XXV. is the 
first member, since the terms provisionally labelled D’* and D** are 
3D* and 4D*. 


MULTIPLET No. XXVI. 


Combination f;* — F; 4k = 0. 


340430 2 TILA 2936620 f1*F | 335633 1 IV.A 2978588 /{*F) 
Cale. — — 29535°20 Vee 345228 4 III. 2895811 aoe 
335552 ‘1 == \297g3s 72". \g4o0N 1) = 62030030557 ee 
342639 4 TILA 2917687 f,*F, | 335950 3 TILA 2975784 f5*F, 
339039. 1, = "2943007 5/0" P. 


Interval ratios, 4f1* as in No, IX. 
AF?! as in No. XXII. 


The intensities as given by Burns contravene the intensity rule, but 
this may be due to the fact that they are very small. The differences 
are the same as previously found, and thus confidence may be placed 
in the above structure in spite of the intensities. 


MULTIPLET No. XXVII. 


Combination f;* —Gj* 4k = —1. 


355852 30 TT. 2809355 f3"G2* | 3521-26 15 II. 2839079 tp 
352617 15 II. 2835132 f,*G,* | 3466-50 3 IIIA 2883929 Jn Ge 
3483-01 3 IIIA 28702°58 ig Or 3570:10 100R I. 28002°43 foe 
3565-38 6or I.  28039:50 f,*Gi* | 3513°82 30 TI. 28450-93 f5*G:* 


Interval ratios, 4f1* as in No. IX. 
AG*™ as in No. XXIII. 


MULTIPLET No. XXVIII. 
Combination f;* — P; Ak = + 2. 
3786-68 8 III. 2640090 fi *Pt | 3876-04 15 III. 2579220 fi*P? 
3814°53. 10 TILA 2620817 fi*Pt | 3850°82 157 II. 2596116 [Pale 
3790:09 10 _~=sCdUT”C:. 2637711 f2*P, | 381297 -25R II. 26218-89 Lees 


Interval ratios, 4f!* as in No. IX. 
AP1 as in No. XXIV. 
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* MuttipLer No. XXIX. 
Combination Fy" = a3* Ak = +1. 


3643-72 1 IV. 274366 Fi*d3* | 3647-43 3 IV. 274088 Fitd3* 


3666-92 I are, 2796375 i Pas” | 357123, 4 IV.A  27993°60 
3612-94 4 IV.A_ 27670°5 Eetae* | Calc. — —  24064:8 ‘ape! ig 
3702.49 I IV.A_ 27001-2 Rta 361566 I —  27649:°6 Fae" 


Interval ratios, dF1* as in No. XX. 
Ad®* as in No. V. 


MULTIPLET NO, XXX. 


Combination ¥i* — fj; Ak =o. 


gccei emt) 21723757 Pf) Cale: Se meas cass a Bee 
4632-92 3 «INT. §= 2157863 F*f3 | 4654:50 4 «IL. = 2147858  F*f) 
454703 2 — 2198624 F*f2 | 453116 § I. 2206326 Fi*fi 
468030 2 — 2136018 FA*f5 | 460295 94 I. ar7ig15  Fi*f5 
459266 4 I. 221767'80. Eafe 


Interval ratios, 4F!* as in No. XX. 
Af? as in No. VII. 


MULTIPLET No. XXXI. 


Combination Fi* — gj* 4k = —1. 
a507-91= | 2.111 A. 99288783. Ee* go" || 422975. 2 III. 23635°39 mee 
4291'47 4 I.A 23295:48 ad oy 4404°75 30 II. 22696-40 F3*g{" 
Bata comm Ul 22643°06 Ree 429413 15 ID. 23281-05 ae ete 
Azoustels  jiey ME. 23050°64 a 4383°55 457 II. 22806-18 Rest 


Interval ratios, 4F!* as in No. XX. 
4e™ as in No. XV. 


Laporte found two multiplets which he allocated to a septet system 
for reasons which will be given below. These two multiplets contained 
thirteen and nine lines respectively, and their structure is given in 


Table LXXXIII. 
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TABLE LXXXITIL 
SEPTET SYSTEM. 
MuttiepLetT No. XXXII. 


Combination 8, — 5;* 4k = 0. 


A 21Or3 OO ELL Lem 2e 7A Ac22 5,5. 4187-81 6. Aly § 233872-16 5,3, 
4Igi-45 6 “Aer 23851°38 8,5, 427117 Tis PLLLS ee 23406°22 5,3; 
423361 6 III. 23613-86 8,5, 4235°95 8 III. 23600°83 5,3, 
Cale. = 23720°97 8,5, 4198-31 On STiee23 312-40 8,3, 
4187705 6 Ill. 2387649 5.3, 4299°25 Gia UMW, awe bay 8.3, 
fiery of AU0k, | Agee oit 5,3, 4260749 I0 III. 23464:87 5.3, 
4222-22 See L236 77250 5,3, 
Interval ratios, 48* 107°1 : 155°5 : 194°7 : 211°6 = [2:31 3°21 4-0 : 4°3 obs. 


2 

2012130) 94°02) 5-0Lcale: 
I 

\A 


3 

oO 

"9: 3°0: 4:0: 5:2 obs. 
AB 130-4: 198-9 : 271-3: 3475 = 139: PU ln 


MuLtTipLeT No. XXXIII. 
Combination 7, — 8, Ak = — I. 


ie 19257°03 77204 | 5008-78 N; 19723'16 1405 


5191-48 4 
IV. 19126760 7202 | 5266757 S8—_ IV. 18982°43 77304 
8 


7 
5266:98 5 
518072700 0 ele 19452°68 7305 | 5139748 IV. 19451784 77404 
5 
8 


5281-80 IVE “18027-70) Nars05) | 523205) Os aL EL OLO4. 20 eeangor 


IV. 19253°73 7303 
Interval ratios, 48 as in No. XXXII. 
f 2:9 : 4:2 obs. 
(3:0: 4:0 cale. 


5192-36 


Az 326-06 : 46942 = 


The arguments in favour of attributing these two multiplets to a 
septet system are as follows: In the first place, the second multiplet 
is obviously due to the combination of a triplet and a quintet term, 
and consequently if we keep within the limits set by the selection 
principle for the azimuthal quantum number, the combination is 
doubtless of the (pd) type. Such combinations may belong to the 
quintet or a septet system. In the second place, the first multiplet 
of thirteen lines must be due to the combination of two five-fold terms, 
that is to say 4k = 0 and consequently the combination must be of 
the type (dd*), since the d-term is common to both multiplets. Now 
if the d- and d*-terms belonged to the quintet system, their inner 
quantum numbers would be 0, 1, 2, 3, 4 and the line A = 4210-36 wouid 
be due to the transition 7 > 1 = 0 + 0, which as we know is expressly 
forbidden. If we attribute the five-fold d-terms to a septet system 
then we have 27 = I, 2, 3, 4, 5 and the line A = 4210-36 is due to the 
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transition 7—>2—=1-—1. This is further supported by the interval 
ratios, which in the case of the 6- and -terms agree very well with 
calculated values. 

It is evident from the foregoing list of multiplets that the most 
frequent and also the strongest combinations involve the terms d! 
and f?, whilst the combinations involving the term d? give weak lines 
which belong to higher temperature classes. It may further be seen 
that in every case the magnitude of the temns increases with the 
inner quantum number, that is to say, 


L3e ras 


Aa ids ds dy Gy). 1G 

All the terms are therefore reversed terms, and though at first sight 
this may appear somewhat startling, it is to be expected from the 
cases of vanadium, chromium, and manganese. Thus vanadium 
exhibits no reversed term, chromium exhibits two rever ed terms only, 
and in the case of manganese about half of the recognised terms are 
reversed. It is not surprising therefore that in iron we find only 
reversed terms. 

Now, the absorption spectrum of iron vapour has been examined 
by Fraiilein Gieseler and Dr. Grotrian t who found that at temperatures 
of 1230° to 1250° the following appear as absorption lines, A = 3886-20, 
3859-91, 3745°56, 3737°14, 3719°94, 3047°61, 3021-08, 3020-64,” 2973:24, 
2966-90, and 2719-04. Of these lines the most intense was A = 3859-91 
and the lines A = 3047-6 and 2719-04 were less certain than the re- 
mainder. 

From the tables of the multiplets given above it will be seen that 
these lines are due to the combinations shown in Table LXXXIV. 


and 


TABLE LXXXIV. 


3886-29 a} — a 40R 
3859°91 a) =e 300R 
3745°56 ite 150R 
3737°14 iy, 200R 
3719°94 oneal 300oR 
3047°61 a, — az" 100R 
3021-08 ds = a; 150R 
3020°64 Ci aa 200R 
2973°24 da fy 60oR 
2966:90 a) a Fe 125R 
27 19°04 Cee 23 60R 


1 Zeitsch. fiir Phys., 22, 245 (1924); see also E. vy. Angerer and G. Joos, 
Naturwissenschaften, 12, 140 (1924). 
2 This line was not resolved, 
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In every case the final level is the five-fold d!-term and the strongest 
lines are given by transitions to the dj or lowest level. This d*-term 
must therefore be the fundamental level of the iron atom, and this 
means that the twenty-sixth electron must be bound in a 33-orbit. 

Two points may be noted here, namely, the absence of a sharp 
term in the three systems, and also the appearance, as in vanadium, 
of terms with an azimuthal quantum number 5. In a footnote to 
his paper Laporte gives a triplet which can be attributed to a combina- 
tion s, — p; shown in Table LXAXXYV. 


TABLE LXXXV. 


; p 
z 3 2 I 
12s Lee 10. III. oye BE 
4282-41 4315-09 4352°74 
$2 23344°So 176°S1 23167°99 200°39 2296760 
4g = — 1, 


Order of intensities, s; — py 12 
5S, —p2 10 
Sou Pe 
The interval ratios are quite abnormal as in the case of the d-term 
of mercury. This same p-term recurs in a combination (pp*) between 
A = 4030:19 and A = 3943°35. The s-term cannot be considered as the 
fundamental term since the above three lines belong to the tempera- 
ture class III. 
When we consider the asterisk and non-asterisk terms it would 
seem that the following re oe occur :— 


> ie 
y; LS Was 

p a* f d* f g* 
and that no combinations occur of the type (pd*), (df*), or (d*f). 
From this we may formulate the 
2 > p* following extension of the selection 
Ss S5t oa principle for transitions in the azi- 
| | muthal quantum number k: In 
“72>. “xe combinations between asterisk and 

d »d oe 

; Z non-asterisk terms, only those 
| ees oeeras i transitions are possible in which 
4k = 0, and in combinations be- 
f. f* tween two asterisk or between two 
ams rs non-asterisk terms only those transi- 
| tions are possible in which Ak = + 1. 
Ps ee Laporte illustrates this law by Fig. 
22, where the possible transitions are 
Fre, 22. indicated by the horizontal and 


vertical arrows, those indicated by 
the oblique dotted arrows being forbidden. 
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As was previously stated it has not been found possible to determine 
the absolute magnitude of the terms, but Laporte estimates that the 
largest term d! has the value 


dt = 48000, 


and in his first paper he gives the differences between this term and all 
the other terms of the quintet and triplet systems. 

Soon after the publication of this first paper by Laporte a further 
communication was published by Walters,! which gave details of many 
new multiplets together with their term relationships. In his second 
paper Laporte ? begins by confirming his allocation of the two multi- 
plets Nos. XXXII. and XXXIII. to a septet system from the Zeeman 
patterns given by the lines. He then assigns to the septet system a 
third multiplet which was discovered by Walters. The detailed 
structure of this multiplet is given in Table LXX XVI. 


TABLE LXXXVI. 
MULTIPLET No. XXXIV. 
Combination 6, — 8; Ak= +1. 


4878-23, 12 IIE.  20493°53 $981 | 4985°56 = 7S Ss 2005234 38y 
487215 20 III. 2051908 $,8,| 4891-51 50 III. 20437-9900 48 
490333 12 (III. 20388°65 4,52] 4957°31 20 III. 2016660 $48, 
4859°76 15 III. 20571:49 © $28, | 5044°22 I — 19819709 fds 
4890°77, 2 III. 20440:°99 4902] 4920°52 60 III. 20317-40 4,8, 
493883. 10 IV. 2024208 4,83] 5006:13 20 III. 19960:94 4,9; 
4871°33, 25 ~=IT. §= 20522°54 39h 382] 4957°61 60 III. 20165:38 48; 
491901 30 III. 2032364 383 


Interval ratios, 46 as in No. XXXII. 
Ad 25°6 : 52°4 : 81-6: 11473 : 150°8 : 195-4 = fo8ou 


i633 
WAISO1332*O 


3 
:4°0: 50 : 6:0 calc. 


As was pointed out by Walters the values of 4¢ are distinctly smaller 
than in all the other iron terms. Probably we see here the decrease 
in Av with increase in the azimuthal quantum number, which up to 
the present has not been noticeable in the case of iron. 

These three multiplets clearly establish the existence of the septet 
system with four terms 7, 8*, ¢, 8, and the question arises as to how 
these are to be fitted in the scheme of levels of the quintet and triplet 
terms. Three of them, namely, ¢, 8*, and z, form combinations with 
the fundamental d! term of the quintet system, which are set forth in 


Table LXX XVII. 


17. Opt. Soc., America, 8, 245 (1924). 
2 Zettsch. fiir Phys., 26, 1 (1924). 
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446656 12 
4489°74 12 
Calc: — 
4435°15 10 
4482:18 4 
444548 I 
4389°25 10 


5250-21 «= 


5225°53 2 
Care: oo 
5254.96 2 
5204°59 2 
Cale. — 
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TABLE LXXXVII. 


MULTIPLET 


Combination ad i 


22382°35 
22266°76 
22356°71 
22540°82 
22304°36 
22488:47 
22776°55 


d 1b, 
dob, 
did, 
aod, 
dio, 
dibs 
do, 


No. XXXV. 
— 4; Ak =— 1. 
4461-66 12 
Cale. = 
Calc. = 
4427-31 12 
4347°24 I 
4375:93 ~ 45 


MuttipLet No. XXXVI. 


Combination d; = 3; 


19041°55 
19131748 
19315°64 
19024°37 
19208°49 
19496°54 


* 


a8" 
* 
a8" 
* 
a3, 


* 
a8, | 


* 
a,>, 


etl 
a38, | 


| 


5247°05 

5168-90 

5060-09 
Calc. 


5110-41 


5166-29 


Ak =o. 


2 


3 
I 


2 
2) 


I 
TN 


22406-92 
2269500 
23110792 
22580°74 
22996:66 
22845°87 


1905 3°02 
19341:08 
19755°98 
19146750 
19562°45 
19350°88 


d38. 
a3; 
d'8. 
d*3 
a, 
d's. 


The structure of this multiplet is similar to that of the df combination 
of the quintet system, the only difference being found in the distri- 


bution of the intensities (see Nos. VI., VIL, and VIII). 


4232°72 8 
4199°99 9 

Calc. — 
4258-32 10 


LA 
ILA 


TA 


MULTIPLET No. XXXVII. 


Combination d; 


23018-82 
23802°89 
24090°95 
23476°85 


I 
aim, 
I 
a7, 
I 
dm, 


I 
dt, 


=n AVA Ss Se 
4206-70 12 
4134°34 I 
4291°47. 10 
A256:19) 10 


23764°91 
24180°84 
23295°50 
23711°47 


I 
a.m, 

I 
ayn, 
d‘a 

3 4 


adi 
44 


It is interesting to note that all the lines of these last three multiplets 
belong to the temperature class I. 

In order to determine the relationship between the three systems, 
triplet, quintet, and septet, we calculate the wave-lengths of the 
lines given by the combinations Fi* — ¢; and F}* — 8;, when it is 
seen that none of them appear in the spectrum, that is to say, com- 


binations between triplet and septet terms do not occur. 


The three 


septet terms ¢, 7, and 6* thus lie above the fundamental d!-term, 


SERIES OF LINES IN SPECTRA 205 


but below the quintet d*-term. It follows therefore that the most 
easily excited line will be 
d, — 8, = 19350-88, A = 5166-29, 
and not Oh. d,* = 25900-00, A = 3859-91, 
as was stated in the earlier paper. For the same reason the line 
d, — $, = 2284587, A = 4375-93, 


will precede in order of excitation the d, — d{* line, and this agrees 
with King’s observation that this line at 1400° is the most intense line. 
Further, the other lines at longer wave-lengths than A = 4000, which 
are visible in the electric furnace spectrum at 1400°, belong to the 
quintet-septet combinations 


4216-12 (2) di—@y 
( 


4 


4427-31 (8) di—dy 
4461-06 (4) d,— $s 
844218 (2) di— dy 


The small intensity of these lines in the arc spectrum compared with 
that of the dj — d,* line (A = 3860) is remarkable. This may be 
explained by the assumption that in the combination of quintet and 
septet terms the probability of transition is smaller than in the com- 
binations of two quintet terms or of a quintet and triplet term. 

Mention was made on p. 202 of a combination of an abnormal p-term 
withasharp term. The intervals of this p-term are 200-39 and 176°81, 
and in his later paper Walters records multiplets with these intervals, 
but doubts the correctness of the arrangement on account of the 
anomalous intervals. Laporte, however, is convinced that the term is 
a true p-term which contravenes the interval rule. He gives several 
multiplets, also noted by Walters, in which this term takes part. In 
the first of these the combination occurs with the p?-term which took 
part in multiplets Nos. II. and XVI. and consequently it must be a 
p*-term, in obedience to the selection principle stated on p. 202. In 
the multiplets given in Table LX XVIII. the allocation of the lines is 
confirmed by their Zeeman patterns. 


TABLE LXXXVIII. 
MuttirpLtet No. XXXVIII. 


~ . ‘ * 2 
Combination p; — p; Ak =o. 


5134-48 I - 19482716 ~, py | 509871 8 IV. 19607*36 p p. 
507923 6 IV. 1968254 p,p; | 525065 6 IV.  19039°97 pip. 
519872 4 IV.  19230°16 pipe 520234 8 IV. 19216-76 pp. 


514254 I a 19430°55 pif? 
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TABLE LXXXVIII.—Contznued. 
MuttTieLetT No, XXXIX. 


ya fees * 2* 
Combination p; — 5; 


Ak = + 1. 


© 2% 


4352°74 9 III. 22967-60 ps 4282-41 12 III. 23344-80 D552 


431509 10 III. 23167-99 ps2 


McttieLtet No. XL. 


Combination pL — pi} 4k=o. 


307477 1 — —-251516r yA} | 394996 4 ‘IIT. 2530960 593 
304335 1 IV. 2535202 ,63| 403019 3” IV. 2480571 9,03 
400972 5 III. 24932'39 p13 | goor-67 3~—SCUT. «2498255 9,93 
307775 5 WI. 2513278 pop3 


Interval ratio, 4p? 219°23 : 327:06 = re : ns Hees 
This is a new p-term and just as was the case with the p?-term (No. 
XVI.) it combines with the f!*-term in contradiction of the selection 


principle of the azimuthal quantum number to give the multiplet in 
Table LXXXIX. 


TABICE Ip xO xe 
MULTIPLET No, XLI. 


Combination f;* — p3} Ak = + 2. 


2862°50, <4. AV. 34024°318 fo" pe |-234500) eI 3513171 bet 
284871 5 III. 3509327 f,"p3 | 289376 1 IVA 3454698 f2*23 
2830-33-' 2 ITV. ~ -g47ogui, jo") s287oga, Ty. TiN. 34804:65 A igh 3 
286663 7 II. 34873907 f2*A3 | 2843°63 10 III. 35156:02 wees 


There also appears to exist a multiplet at A = 2389-98 to A = 2350:43 
due to the combination of the p3-term with the fundamental a!-term. 
There also exist in the region near to A = 3300 numerous combinations 
between the p*-term and unknown term levels. Laporte does not 
give details of the latter, since the lines are weak and do not belong 
to any special temperature class. He gives with reserve two multiplets 
in which the p*-term combines with two other terms. These are 
given in Table XC. and the first is the more certain, since the Zeeman 
pattern of one line (A = 3286-76) shows that the combination is of the 
p*p type. 
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TABLE XC. 
MULTIPLET No. XLII. 
5 ° * 
Combination p; — pf Ak =o. 
| 326562 15 III. 3061324 2,04 
52 Olmmee 5 ae lL sO5 02°70 Parsee ate 20 «III. 30239°55 pp 
3306°36 820 «=I. 3023608 pps 328676 20 III. 30416°34 ?,p% 
328459 5 «IV. «3043643, | 


329260 8 IV. 30362°43 pips 


{1-9 : 3:0 obs. 


Interval ratio, 4f4 126-36: 196°89 = \ 2:0 : 3:0 calc 


MULTIPLET No. XLIII. 


Combination pb => by 


B400:0 nO yas Lice 20344°03 2,2, 227 2°05) 43) LV se 2901070 2,2, 
338370 5 IV. 2954502 p2Z, | 340435 6 IV. 2936578 9,2, 
341554 4 IV. 2926961 p1Z, | 338399 8 IV. 2954249 2, 
3392°31 8 IV. 29470°03 2,2, 


{ 2°2 : 3:0 obs. 


Interval ratio, JZ 75:01 : 104:28 = \ 20 : 370 cale. 


It is probable that the Z-term is a D* triplet term, since it combines 
with the F!* term to give the multiplet shown in Table XCL. 


TABLE XCI. 


Muttiecet No. XLIV. 


Combination ne — Z;. 


2914731 3 IV. 34303°48 F,*2, | 2929°62 2 IV. 34124:18 A 


2920°69 5 IV. 34228°45 FI*Z, | 2895-04 8 IT . ga53h79 — F,*Z; 
2886-32 3 IV. 3463609 F3*Z, | 284683 3 «IV. 3511649 FZ, 


Walters found evidence of a term which he named U and which is 
analogous to Laporte’s d?-term. According to Walters the U-term is 
four-fold, which cannot be the case in a system of uneven multiplicities. 
Laporte interpretes it as an f?*-term and gives three multiplets formed 
by combination of this term with the ft-, d™*-, and g'*-terms. These 
are set forth in Table NCI. 
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4863°66 
4907°75 
4838-52 
4882:17 
4950°12 
484316 
4910703 


Interval ratio, Af2* 184-7 : 281-1 : 377°6: 372°5 = 


2 


2 
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TABLE XCII. 


MULTIPLET No. XLV. 


Combination f; — fj" 4k =o. 


20554°94 
20370°27 
20661°72 
20477°01 
20195'91 
2064196 
20360°81 


Sate 
jae 
mie ee 
Ie 
le 
ees 
aie 


5002°82 
4855°69 
4946°40 
5039°27 
Cale. 
4966:10 


19983°19 
20588-66 
20211-09 
19838-64 
20503°37 


20130°91 


pipe 
fife 
pipe 
fife 
fife 
fife 


1°95 : 3:0: 4:0 : 3°95 obs. 
(2:0: 3:0: 4:0: 5:0 calc. 


As can be seen the interval rule is broken, but the distribution of 
intensities and the Zeeman pattern of the line atA = 4966-10 justify the 
inclusion of the f?*-term. Especially is it noteworthy that the same 
term is found in the two following multiplets :— 


4013°22 
459814 
4637°52 
4568-79 
4607°67 
4008-15 


8085-2 
8207°8 
8401-4 
8046°1 
82323 


8497:0 


MULTIPLET No. XLVI. 


Combination d be 


21670-79 .d .” fe" 
QI7ATST Ad oe 
BIR 722 weet iit 
2ISSI5 20 doe o* 
21696'90  d5* f3* 
21415°76 Cad ae 

MULTIPLET 


Combination g,* 


12364°9 
12180°4 
11899'5 
124250 
12143'9 
11765°6 


siete 


Ix ¢2x | 
Lea 


teh a 
I 2 
rae gee 
Ix ¢2% 
&3°h3 


I 2 | 
Pb 


— fi" Ak = —1. 
456568 I — 
4025:00 5 3) SL = 
AZOT290 19 al Ve 

Cale — — 
465464 5 «IV. 
A 30:70) ee lla? 


7999'0 
8248'1 
Cale: 


7937°2 


81790 


82204 


No. XLVII. 
= fi" Ab= 


6 
3 


9 


I 


oj 


21896°41 
21615°290 
21237°72 
21855751 
21477°94 
21105°47 


12498°I 
12120°7 
11748-2 
12595°4 
12223°0 


I2161°5 


ers 
Cas x 
Ca ies 
Pins 
Peis 
Cie 
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The remarkable divergence of the interval ge from the interval rule 
previously noted in No. XV. is again found here. This means that 
the gj*-levels lie in the following order :— 

Ce Eh ee 


This may possibly be due to a tendency of this term to change from a 
reversed term to a normal term, but no other instances of this have as 
yet been found. 

Laporte gives four other multiplets formed by the combination 
of the f?*-term with the f?-, d?*-, G1*-terms and with another term, 
which is possibly a g*-term, but these need not be detailed. 

Walters finds a three-fold term with 7 = 2, 3, 4, which is therefore 
in all probability a triplet F-term. This combines with the F!*-term 
to give the multiplet shown in Table XCIII. 


TABLE XCIII. 
MuttTipLet No. XLVIII. 
Combination ¥)* — F¢ Ak = 0. 
216-28 10 Il. 19165:43 -F,*F, | 5041-76 10 . IIL. 1982882 Fi“ by 
5107°65 8 II. 1957305 Lalas 533291 4 I. 18746:32 ee 
530736 2 III. 18836°53 eee 517t-60. 20. Il, r93gror FOS 
5194°95 10 I 1924414 BF? 


; - 2°65 : 4:0 obs. 
Interval ratio, AF° 328-9 : 497°8 = eee SAE 


Finally Laporte gives two multiplets due to the combination of a new 
D*-term with the F!* and a}-terms. These are set forth in Table 


xl. 
TABLE XCIV. 
MuttTipLeT No. XLIX. 
Combination F,* — DG* 4k = +1. 

5270°36 30 II. 1896878 Fi*D&* | 5446-92 4o I. 1835390 F,*D§* 
534103 20 «+‘IT. = 18717-78 F*D$* | 532854 «15 «II. = 18761-67 Roo 
5227719 40 II. 9125-44 =F 3*Do* | 5167-49 40 «II. 19346*37 eg BS 
The line A = 5446-92 also occurs in Multiplet No. IX. and conse- 


‘ is I I IT Ox 
quently the lines due to the transitions oe and IC™ = 1). 
have almost exactly the same wave-length. 


Interval ratio, AD°* 251:0: 3638 = { ; 


VOL. UL 14 
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TABLE XCIV.—Continued. 


MuttreLet No. L. 
Combination a; = D{* Ak =o. 


3229113 8 II.A 30959:20 d5D%* | 3197:00 1 — 31270:32, ¢,D>* 

Cale — = 3104916 dD | 3265:06 157 IA 3061854 4D” 
3200°79 6 IILA 3123329 @,D°* | 3234-62 157 I.A 3090662 d D3" 
324602 12 I, 3079815 .@iDS* | 319r-67, thx EA gr g22s7 d,D3* 
322673 5 IITA 008225 Gd De 


One of the most interesting facts brought out in this second 
paper by Laporte is the existence of the p*-term, the interval ratio 
of which contravenes the Landé rule. In the first paper an extension 
of the selection principle was brought forward as to the azimutha! 
quantum number. ‘This states that in combination between asterisk 
and non-asterisk terms it is necessary that 4k =o. It was only 
possible to establish this by relatively few combinations, but the new 
p*-term allows the rule to be tested more rigorously. Laporte cal- 
culates the wave-length of the di} — p; multiplet, where 4k = + 1, 
and obtains the values set forth in Table XCV. 


TABLE XC: 
a, 
z ro) I Zz 3 4 
I 5898-28 5867°17 5804°45 
2 5936°99 5872-79 5775°04 
3 5934°42 5834°64 5696°36 


Not one of these lines is to be found in the iron spectrum, and hence 
the new selection principle is confirmed. 

Since the d} — p; transition is forbidden and since, further, the 
p*-term lies deeper than the p!- and d!*-terms, the p*-term, like 
the f** and F!*-terms, is metastable, that is to say, an electron in a 
p*-level cannot spontaneously return to the normal d}-level. 

The whole of the terms functioning in the iron spectrum can be 
arranged in the scheme shown in Table XCVI., where the transitions 
indicated by the horizontal and vertical arrows are alone possible. 


TABEHReXC Vas 
P,P, P, f, f2, £3, 


P, i a, a", 5, ———— Fe, S, p 


’ 


‘el * 1* 2% 3% 1* Py 
Sp aie ane 5 <—>/f Sih x Fix <— gi*, Gi 
? ? 
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In his first paper Laporte suggested that the terms p!, p?, p?; d*, 
a’*, d®*; fi, f?, f8, were consecutive members of the series mp, md, 
and mf. An entirely different explanation was proposed by Gieseler 
and Grotrian,! namely, that the terms d! and ad? are 3d and 4d of a 
series md, and that the p-, d*-, and f-terms are the first members of 
nine different series which have limits different from that of the 
md series. These nine terms were named “ displaced”? terms and 
Wentzel ? suggested the name of double asterisk terms. As a strong 
argument in favour of a! and d* being 3d and 4d, Gieseler and Grotrian 
gave a multiplet which they attributed to the combination p; — 54d;. 
Assuming the reality of this multiplet, these authors find the very 
reasonable value for the ionisation potential, 8-15 volts, for which 
v = 66000. The septet 6 would then become 46 of the term series 
mo, the absence of 36 being analogous to the absence of the triplet 
term 3s in the case of calcium. 

Further, it would be possible to consider the terms f!* and f?* as 
4f* and 5f* of the series mf*. If it be assumed that od = of* = 
66000, then the terms 4f* and 5f* can be represented by a formula of 
the Ritz type. 

It may thus be stated with respect to the levels of the various 
terms with the same azimuthal quantum numbers that the correspond- 
ing asterisk and non-asterisk terms are not similar. Rather is it that 
the terms p*, d, f*, and g are similar in that they are at a low level 
and show series relationships, whilst the single terms of the type 
s*, p, d*, f, and g* lie near together at higher levels and thus are 
‘‘ displaced ”’ in the sense of Gieseler and Grotrian, 


TABLE XCVII. 


19K 20Ca 21Sc 22Ti 23V 24Cr 25Mn 26Fe 
Singlet. (Singlet.) (Singlet.) (Singlet.) 
Doublet. Doublet. (Doublet.) (Doublet.) 
Triplet. Triplet. (Triplet.) Triplet. 
Quartet. Quartet. Quartet. 
Quintet. Quintet. Quintet. 
Sextet. Sextet, 
Septet. Septet. 
Octet. 

(Nonet.) 


The multiple terms enclosed in brackets have not as yet been observed. 

The recognition of the triplet, quintet, and septet terms function- 
ing in the are spectrum of iron completes the study of the perma- 
nent multiplicities of the elements in the third horizontal row of the 
periodic table. From the results described in the latter portion of 
this chapter it is necessary for us to recognise an obvious extension 
of Rydberg’s law of alternation which stated that the elements in 
consecutive groups of the periodic table exhibit doublets and triplets 
alternately. We have already seen that the maximum multiplicity 
increases with the atomic weight in the horizontal row potassium to 


1 Zertsch. fiir Phys., 25, 165 (1924). 2 [bid., 25, 182 (1924). 
ia 
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manganese and, further, that the number of different multiplicities 
exhibited by the same element tends to increase with the atomic 
weight. We consequently arrive at the generalisation of Rydberg’s 
law shown in Table XCVII. where each consecutive column shows the 
result of the binding of one additional electron. 

Multiplets of Higher Order of Complexity.—In the preceding 
pages there have only been considered the multiplets of simple struc- 
ture, which may be called multiplets of the first order. In these only 
the electrons of the lowest azimuthal quantum number (k = 1 in 
Sommerfeld’s, K = 1/2 in Landé’s enumeration) contribute to the 
moment of momentum of the atomic trunk, the electrons of the latter 
being bound as s-terms. If there are present in the atomic trunk 
electrons with k > 1, the terms still belong to the first order of com-. 
plexity, provided that each contribution to the momentum k> I 
distributes itself equally, that is to say forms a closed shell without 
momentum. For this reason sodium, potassium, rubidium, and 
cesium are spectroscopically similar to lithium, because they only 
differ by a closed shell of electrons. If, on the other hand, an electron 
for which k > I contributes to the moment of momentum R, in ad- 
dition to the electrons for which k = 1, and one of these is bound as 
a p- or a d-term, then the atom exhibits multiplets of a second order. 
If two electrons for which k > I contribute to the moment of momen- 
tum of the atomic trunk, both being bound as p-terms, or one as a 
p-term and the other as a d-term, etc., then we have multiplets of 
the third order. 

The one instance of a second order multiplet which has been 
resolved is that of neon, analysed by Paschen. It consists of a 
singlet system, two triplet systems, and a quintet system which are 
inter-connected. For the following description of the structure of 
this spectrum I am indebted to Back and Landé who give the values 
of. I for the various terms which combine together,! the scheme being 
due to Landé.? 

The structure is fundamentally based on a two-fold w-term of the 
neon ion, namely a, with I= 1 and a, with I= 2. As the result of 
the resolution or “‘ branching ”’ of these two terms, each with I—> I + 
1/2, four s-terms are obtained of the second order for which I = 1/2, 
3/2, 3/2, and 5/2, respectively. The s-terms having I= 1/2, 3/2, 
and 5/2 give rise to singlet, triplet, and quintet systems respectively, 
and consequently there are formed one singlet system, two triplet 
systems, and one quintet system. The scheme is set out in Table 
XCVITI. 

In general it will be seen that there are two pairs of systems, one 
having the z»-term and the other the z,-term as its basis. These pairs, 
according to Paschen’s measurements, are separated by a wave- 
number interval of about 780 cm7! and in the table these are divided 
by the vertical line. 


+E. Back and A. Landé, Zeemaneffekt und Multiplettstruktur der Spektrallinien, 
p. 53, Springer, Berlin, 1925. 
* Zettsch, fiir Phys., 07, 292 (1923). 
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TABLE XCVIII. 


Neon ion,| z,-term I = 1. m,-term I = 2. 
doublet vat WA 
term of Ve N x 
first order. J. x , oa \ 
/ Ne e ae 
x NX x NX 
Neon atom,]| s q 3 3 5 
singlet- 2 2 a : 
triplet- 
quintet sys-| 4 3 33 LE) ae es 
tem of 2 gh eh 53 3 pe G3 2 oe ee 
second or- 
der. d 5 357 eae ee eee cy 
2 Pw oom pe ooh I Oy 
f 7 Ses epee Meese 
2 os) l= Dmee, 2-12 222 


In applying the symbolic methods of nomenclature ;; introduced 
by Landé it is clear that several values of y must be used in the 
case of these spectral terms of the second order. For example, 
the neon terms which belong to the singlet-triplet-quintet systems 
must be indicated by the symbol 7,3. In order to differentiate be- 
tween the two pairs of systems, the terms derived from the z- 


TABLE XCIX. 


1335 1335 1335 1335 1335 1335 1335 1335 30 1335 
220 Naa "orb N22 Noo Mora arb taba be 123 
Sy Sy Sy Sy 
1335 1335 1335 1335 
n n i 
Ms 322 32b 33 
2 1 d d 
do a, a. a, d, d, 4 
1335 1335 i335 3335 1335 71335 3335 i335 
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term of the neon ion are indicated by 71335 and the terms derived 


from the corresponding z,-term by the symbol 7;3°. 
since there are always two terms of the same type, the suffixes a and 
b are used to indicate the smaller and larger terms respectively. 

The various terms identified by Paschen are set out in Table XC1X. 
with the Landé symbols written underneath. 


TABLE C. 


Furthermore, 


Singlet P- 
term of first 
order, 

ir 


No: 


Doublet- 
quartet 
system of 
second or- 
der, 


24 
Npie 


Doublet 
am-term of 
first order, 
2 
ni 
Sin¢glet- 
triplet- 
quintet 
system of 
second or- 
der, 
1335 
n>. 


Q& 
& IO 


_ 
NW 
Nn 


w 
nn 
Niwt 


win 


NIW 


Nw 


NINT 


Nint 


Se) 


Nin 
NIN 
NO 


a caupiiert: 
p-term of, 
first order, 


Doublet- 
quartet- 
sextet sys- 
tem of 
second or- 
der, 

22440 
neat : 


3 45 


2 


I 


I 


234 
23 455 
2345 


6 
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The system of terms derived for neon in Table XCVIIL by the 
branching of the two w-terms of the neon ion leads us to apply this 
principle of branching in a general way. Thus we may have systems 
of the second order established by the branching of a single, double, 
or triple p-term, or by the branching of a single, double, or triple 
d-term. The general scheme is set out in Tables C. and CL 
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It must be noted that in the first member of the triplet p-term the 
branching of I = 1/2 leads to the values 0 and 1. Of these the value 
O is unreal and consequently only one branch is given. 

The same princple may be applied to the terms of the second order 
whereby terms are obtained of the third order of complexity. For 
example, the ten neon p-terms of the second order would give eighteen 
s-terms of the third order according to the scheme set forth in Table CII. 


TABLE CII. 
p-terms of second Z ; ; 5 : 3 5 3 5 , 
1335 ese tar *U J is 2 > 2 2 i 
order, 7)3 cre Leh ws |B B 2 2 2 2 
| 
s-terms of third \ \ 1 ty 
order. eee 2) ee eee (el DeBus 2 See 


There are thus obtained six s-terms with I= 1, seven with I = 2, 
four with I = 3, and one with I= 4. It follows that the spectrum 
of the third order will consist of six doublet systems, seven quartet 
systems, four sextet systems, and one octet system. 

As has been already stated above, neon is the only example of a 
spectrum of a higher order of complexity than the first, which has as 
yet been analysed. As regards the ratios of wave-number differences 
and intensities, it must not be imagined that the resolution of the 
neon spectrum into a singlet-triplet system and a triplet-quintet 
system means that these obey the same laws as in spectra of the first 
order. This is by no means the case, since the neon spectrum must 
only be looked on as an arrangement of the values of I without any 
other commitments. 

The four s-terms together form a narrow unit, as also do the ten 
p-terms, and these are so distributed that the terms with the Net 
m,-term as origin are shifted with respect to the terms with the Net 
m,-term as origin by about 780 cm.~1!. This shows the existence of 
certain simple laws. Since every term in the magnetic field is resolved 
into 21 components, we may give each term a weight equal to 21. 
We now determine the “centre of gravity’ of all the terms 74355 
which have the same values of m and k, giving each the weight of 21, 
and also determining in the same way the centre of gravity of the terms 
n,3°> for the same values of nm and k. Then if Paschen’s values for the 
terms are used, it will be found that the two centres of gravity ob- 
tained with small values of differ by an amount which is very near 
to 780 cm.~}, although the convergence of the individual terms of two 


limits which differ by that amount can only be seen with higher values 
of n, 
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_ Back and Landé’s general statement of the branching law may be 
given. If an atom is built up on energy states of its ion which are 
characterised by I,, I,, Is . . . Im, the atom will then have 2m s-terms 
characterised by I, + 1/2, I, +1/2... I, + 1/2 and will exhibit 
2m systems with the multiplicities 2(I,- 1/2), 2(1,-+1/2)... 
2(Im -+ 1/2). When, however, I, = 1/2, then there is only one branch 
into I + 1/2 = 1 and in this case the atom will exhibit 2m — 1 s-terms 
and 2m — 1 interconnected multiplet systems. This law thus places 
Rydberg’s law of alternation on a wider and more precise basis. 

Back and Landé further say that the branching is characterised 
by the fact that the multiplet systems built up on a single state of 
the ion (e.g. the triplet-quintet system built up on the ,-state of the 
neon ion) exhibit a special inter-relationship. These systems possess 
a common limit to the series of spectral terms. An example of this 
is afforded by the series of singlet terms and of triplet terms of cadmium, 
which arise from branching of the doublet o-term of the cadmium ion, 
and which have the same series limit. Similarly, in the case of neon 
the series of triplet and quintet terms arising from the 7,-term of the 
neon ion have the same limit and this limit, as we have already seen, is 
displaced by 780 cm.~! with respect to the common limit of the singlet 
and triplet systems arising from the z,-term of the neon ion. This 
may perhaps be better understood from Table CIII. in which are given 
Paschen’s values of the various terms of each of the twelve d-series, 
the symbols (Paschen’s and Landé’s) for which were given in Table 
XCIX. The approach to one common limit for all the eight series of 


terms 733° and to another common limit for all the four series of terms 
n3}55 is clearly seen, the difference between the two limits being about 780. 


The same convergence to common limits for the n355 and mj}°° sequences, 


and for the 3335 and the 13335 sequences is shown by the values of 
the sequences given in Table CIV. 

In order to complete the description of the structure of the neon 
spectrum it is only necessary to give the combinations which Paschen 
found between the various terms, and these are given in Table CV. 
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More recently a modification of Landé’s theory has been brought 
forward by Heisenberg, and this has been, applied by R. H. Fowler 
and Hartree to the O II. spectrum which was analysed by A. Fowler. 
In order to understand the application of the Heisenberg theory to a 
complex spectrum we may first deal with the architecture of the 
O I. spectrum which consists of terms of even multiplicities, there 
being present both doublet and quartet terms. The complexity of 
this spectrum, however, is great and it is necessary to consider it in 
some detail. 

Before commencing to discuss Fowler’s results it is necessary to 
mention the notation used by him. This is merely an adaptation 
of that used by Landé, namely, nj... In place of the symbol n, the 
term symbols ms, mp, md, etc., are frequently used, the azimuthal 
quantum number, I, 2, 3, etc., being understood. In a Rydberg 
sequence the individual terms are indicated by successive numerical 
values of m. In the O II. spectrum, however, only one such sequence 
has as yet been recognised, and in other cases, where more than one 
term of the same type appears, the largest is designated by the 
prefix a, the second largest by b, and so on. Terms of the same type 
are of course recognised by their multiplet combinations or by the 
Zeeman patterns. 

The multiplicity is indicated by an index on the upper left side 
of the term symbol. Thus a?d means the largest d term of the doublet 
system, and b4p means the second largest p-term of the quartet 
system. This notation was first suggested by Russell and Saunders.” 
The individual levels of each term are indicated by subscripts which 
are the inner quantum numbers. 

In the spectrum of O II. there appear combinations due to asterisk 
terms as well as normal terms, the former now being believed to be 
due to the simultaneous displacement of two electrons.2 As was 
first indicated by Laporte, the combination between asterisk and non- 
asterisk terms occur when 4k = 0, but there is evidence that in some 
cases Ak = -+ 2, as for example in the combination sd*. 

In their work on the alkaline earth metals Russell and Saunders 
found additional terms which behave like the normal terms, but differ 
in that they do not form part of the regular Rydberg series. They 
denoted these by p”, d’’, ete., and Fowler finds two such terms in the 
O II. spectrum, which one may denote by ap** and bp**. 

Turning now to the detailed structure of the O II. spectrum eluci- 
dated by Fowler, it is probable that three of the p-terms form part of 
a Rydberg sequence. ‘These are represented by the formula 

Mp, = —— eee aa 
ogre’ 


(m+ 0:316331 — — 2 


1 Proc. Roy. Soc., 110, 476 (1924). 
2 Astrophys. Journ., 61, 66 (1925). 8 See p. 290. 
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giving 
2P2 = 93952°53, 
3P2 = 42504:03, 
Ape = 24419°23. 

Although these values cannot be considered as firmly established, 
they may be adopted, whilst the remaining terms may be derived from 
their combinations. If the above p-sequence is justified, then it 
seems possible that the term Is will be the largest term of the doublet 
system. The value of Ip, given by the formula is 433942, which is 
quite improbably large. On the other hand, the above values of 2p 
lead to 2s = 79078-69, and the corresponding value of 1s given by a 
simple Rydberg formula is 238816. Whilst this may be greatly in 
error, it represents an ionisation potential for O IT. of 29-5 volts, which 
is not hopelessly inconsistent with the value of 31 volts deduced from 
stellar spectra.! 

The terms of the doublet system which have so far been traced 
are given in Table CVL., it being understood that the values have been 
reached on the supposition that three of the p-terms form an ordinary 
sequence, having 4N as the series constant. 


TABLES GV: 


TERMS OF THE DOUBLET SYSTEM. 


15, (238816) # i Ao esaroe ea 
251 79078-69 bs," 27398°5 
zp, ggageg3 | 179°99 jp PA. heey br oO 
| apes TSR RR ee 
to aaatgg 193 
vom Bipear 9 TA TS 
oo ee ee fe ee 
oe ee oe 
a> oe eee Ee Ree 08 


+R. H. Fowler and E. A. Milne, Roy, Astronom. Soc., Monthly Notices, 84, 
499 (1924); Miss C. Payne, Harvard College Observatory Circ., No. 256 (1924). 
* Extrapolated fram 2s, * Inverted terms, i.e. py > Aj, or di dy. 
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The combinations of these doublet terms are given in Table CVII. 


2 
Py sey — PIE 
2p — 254 
251 — 3p, 
25, — 3p2 


25, — ap,** 
25, — ap,** 


Term values. 


2p: 
ps 
3p 
3p 
4h 
the 


= 94132°52 
17999 
= 93952°53 


= 42692°15 
187°53 
= 42504'62 


= 24612°3 
193°1 
= 244192 


bp,** = 2923139 
2°36 


2p 1 
2p. 


TABLE CVII. 


DouBLET COMBINATIONS. 


Ss °b Combinations. 25, = 79078-69. 


Av. 


= 14873°87 (5) : 
15054:05 (4) eons 


= 3638652 (6) 


= 36574°47 (10) 187°95 
= 29487:92 (8) : 
= 29601°86 (7) nts 24 


ad, 
71308'24 190°68 
22644°29 (10) 190°67 
28803°50 (8) 190°71 


1 46888-3 (5) 


bp,** = 29229°03 42079°5 (4) 1904 
bd, 
53052°7 21°6 
= 94132'52 41079°6 (9) 
179°99 179°8 F 
= 93952'53 40899'8 (5) 216 
bp,** = 29231°39 23821°44 (1) 
2°36 (2°4 
bp,** = 29229°03 (23823°8) (21-6) 
29" 24* Combinations. 
as*, = 87310°5. = 
asy* — bp," = 36769'5 (2) a 
as;* — bpy" = 36816-4 (3) ks 
bp,” — bs," = 23095°58 (2) “ae 
bps -- bs," = 23142:04 (1) aG4e 
ap,” — bs," = 41393°0 (3) Eg: 
ap," — bs," = 41452°9 (3) os 


VOL. III. 


1 Not resolved. 
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2p2 = 93952°53 
2p, = 94132°52 


341 = 


4269215 


3h2 = 42504°62 


ap,** = 49590°80 
ap,** = 49476°81 


2d, *b, and *d *p** Combinations, 


ad, 
71498-92 
22633°60 (8) 
179°98 
2245 3°62 (6) 
28806°74 (5) 
187°47 
28994°21 (5) 
* 46888°3 (5) 
47079°7 (1) 
42267°7 (3) 
22 
42269'9 (1) 
bd 
53074°3 


40878:2 (10) 


23845+42 (2) 


ST 
Pe x Y 
ll Ih 


Combinations. 


2p — ad 


ad — 3p 


ad — 4p 


ad — op** 


2p — bd 


bd — bp** 


= §0540°8 
50494°2 


ap,* = 6879142 
ap,* = 68851°16 


226 


Term values. 


bd.” 
bd,* 
Cane 
cd" 
dd,* 
ada” 


= 48618-42 
51:97 
= 48565°45 
= 29974°67 
2202, 
= 20972°55 
= 237347 
0:8 
= 237339 


= 70049°6 


I’o 


= 76048'6 


= 29974:67 


210 
= 29972°55 


= 237347 
o's 


= 23733°9 


Term values. 


2p, 
2p, 
3h1 
3P2 
421 
4p» 
ap.** 
ap,** 
bp ** 
bp** 


= 9413252 
179°99 
= 93952°53 


= 42692°15 


187°53 
= 42504:62 


= 24612°3 
193°1 
= 24419°2 


= 49590°80 
113°99 
= 49476°81 


| 


= 29231°39 
2°36 
= 29229:03 
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TABLE CVII.—Continued. 


2p* 2d* Combinations. 


aps" 
68791°42 


20172°84 (3) 
51-92 
20224°76 (7) 
38816°65 (1) 
2°15 
38818-80 (6) 


45056'8 (2) 
(0°8) 
(45057°6) 


bp." = 50494°2 


25555°48 (10) 
0:89 
25554'59 (2) 


(20519744) 
(2:06) 


20521°50 (5) 
26759°43 (3) 
(0:8) 


(26760:2) 


59°74 
59°86 


59°89 


(59°8) 


46°6 


46°89 
46:60 


(46:6) 


ap,” 
68851:16 
20232°70 (5) 


38876°54 (4) 


45117°4 (1) 


bp," = 505408 


25507°70 (6) 
20566'04 (3) 


26806:78 (2) 


2p *p* and *p* 2p** Combinations. 


ap.” 
68791°42 


2534110 (5) 


17998 


2516112 (10) 

26099:22 (47) 
187°41 

26286-63 (67) 


44179°3 (1) 


194°I 


44373°4 (3) 
19200°58 (5) 


113°99 


19314°57 (2) 
39560°2 (1) 
2 


39562'4 (4) 


59°74 
59°74 


59°75 
59°88 
59°89 
5933 
572 
59°82 
59°82 
59°6 
59°6 


ap ,* 

688 51-16 
25281°36 (7) 
179°99 
25101°37 (5) 


26159'10 (47) 
187:42 
26346°52 (37) 


44238°6 (2) 
1920 
44430°6 (1) 
19260°40 (3) 
113°99 
19374°39 (4) 
39619'8 (3) 
2°2 
39622°0 (1) 


! Provisional wave-number. 


Combinations. 
ap* — ba* 
ap* — ca* 
ap* — dd* 
ad* — bp* 
bp* — ca* 
bp* — da* 

Combinations. 
2p — ap* 
ap" — 3p 
ap" — ap? 
ap* — ap** 
ap* — bp** 
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bp," bp," 
Term values 50494'2 46°6 50540'8 Combinations. 
2p, = 94132'52 43635°2 (4) 46°7 43591°5 (6) 
179°99 180°0 179°0 2p — bp* 
2p2 = 93952°53 43458-2 (8) 46°6 43411°6 (5) 
bp,** = 29231°39 21262°70 (0) 46°63 21309°33 (1) 
he 2°36 2°40 2, bp* — bp** 
bp,** = 29229:03 21265-10 (2) 46°50 21311-60 (0) 
2d *ad* Combinations. 
ads, ad, 
Term values. 71308-24 190768 71498-92 Combinations. 
bd,* = 48618-42 22689°86 (1) 190780 22880:66 (4) 
; 51°97 51-98 51:96 ad — bd* 
bd,* = 48565°45 22741°84 (7) 190°78 22932°62 (1) 
cd,* = 2997467 41333°7 (1) 190°7 41524°4 (4) 
212 2:0 2°1 ad — cd* 
ed," = 29972°55 41335°7 (6) 190°4 41526°5 (1) 
dd3* = 23734°7 47574°4 (4) 
= o'8 ad — dd* 
dd," =-23733'9 — 47765°3 (2) 
bd» bd, 
53052°7 21°60 5307473 
ad,* = 76049'6 (22996-9) 22975°33 (6) 
10 : ad* — bd 
ad," = 76048°6 22995°66 (5) (21-6) (22974°3) 
cd,* = 29974°67 2307815 (2) 2132, -23099°47 (0) 
Pa oA 2°23 2°19 bd — cd* 
cd," = 20972°55 23080°38 (0) 21°26 23101°66 (3) 


dd," = 23734°7 
os 
dd,* = 23733°9 


(29318-0) 
29318-50 (67) 


29339'68 (77) 


(29340°4) bd — dd* 


Attention should also be directed to the following lines of somewhat 
doubtful classification :— 


ad, ad, 
Term values. 71308°24 19068 7149892 Combinations. 
ad,* = 92582-48 21274'23 (7) 190°67 21083°56 (3) 
48°84 48-92 48°75 xd* — ad 
xd,* = 92533°64 21225°31 (5) 190°50 2103481 (2) 


A few lines given by some of the expected combinations lie outside 


the region A = 6721 to A = 1850 investigated by Fowler, and these 
are not given in Table CVII. A notable exception, however, is the 
combination ad — ap** which should give lines in the blue region, 
none of which have been observed. Their absence may possibly be 
associated with the fact that the ap** is an inverted term, suggesting 
a further restricting condition. The apparent absence of lines due to 
other combinations which are theoretically possible may generally 


pe # 


15 


Ae SPECTROSCOPY 


be attributed to their feeble intensities, since the smaller terms are 
involved. 

The actual values of the terms of the quartet system have not 
been found. Assuming a value of 100,000 for the ap, level, the rela- 
tive values of all the terms so far identified are given in Table CVIII. 
The term %z is of a type not yet identified, but it has the inner quantum 
number 3. 


TABLE CYVIII. 


TERMS OF THE QUARTET SYSTEM. 


Oidinary terms. Ap. Asterisk terms, Ay. 
Se = 73337°26 
ap, = 100263°84 ce Pi’ = 77153°03 46:10 
ap, = 100158°52 ees Pa = 110093 QI-97 
a&p3 = 100000700 Ps = 770149 
bp, = 46872°88 : 
bp, = 46767°66 eras 
bps = 40606°24 
d, = 78768-40 ; d,* = 52753°69 ; 
Pie US ese 91°56 Dee 1°53 
fg = 70021°30 124°62 3 5275 9 6°35 
d, = 78496:68 a,” = 52745°34 
to = 54203°15 ; 
fo = 54149112 oe 
fa = 5407121 oe 
fs = 53968-94 

%3 = 52702°93 


The combination of these quartet terms are shown in Table CIX. 
(see pp. 230 and 231). 

The value of 7, which satisfies the above combinations is clearly 3, 
but the character of the x-term remains uncertain; it may be an 
unresolved *p- or 4d*-term, or possibly a term of the sextet system. 

The combination 4s4d* also occurs, as will appear from the fol- 
lowing :— 


Calculated. Observed. 
Sp — @y* = 20583°57 : 
es — dy" = 20584:03 205030 (2) 


* 
S2— as 


20585°56 20585:°27 (2) 


The following lines involving already recognised values of Mv may also 
be noted :— 


23277°34 (3) ; 23978°50 (4) : 
23382:40 (4) so EL 3 35°42 
24125°84 (2 


A very interesting paper has recently been published by R. H. 
Fowler and D. R. Hartree,’ in which they apply to the above results 


' Proc. Roy. Soc., 111, 83 (1926). 
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the theory of complex spectra brought forward by Heisenberg ! and 
elaborated by Hund.? The agreement between the observed values 
and those indicated by the theory is most striking, almost all the 
theoretical terms giving strong lines in the region A = 6721 toA = 1850 
are represented among the terms found by A. Fowler. 

The definition of a complex spectrum as previously stated is the 
spectrum of an atom whose uncompleted n, groups with k > 1 contain 
more than one electron. Fowler and Hartree give a brief statement of 
the Heisenberg and Hund theory which may be quoted here. In 
specifying the orbit of a single electron, five numbers may be used, 
N, ky, ky, my, and mg. The significance of these numbers is as follows : 
n is the total quantum number, k, = k — 4, where k is the azimuthal 
quantum number, k, = k, + 4. It is more convenient to work with 
k, than k in building up the terms of complex spectra, but in referring 
to an orbit we may employ the symbol n;. When there is only one 
electron not in a complete group, ky = 7 + 4, if we adopt the Sommer- 
feld system of inner quantum numbers, that is to say, 7 = 0 for the 
s-term of a singlet system and 7 = } for the s-term of a doublet system. 
Since 7 is usually interpreted as the angular momentum of the whole 
atom, it cannot generally be associated with a single electron in an 
orbit. The magnetic energy in a weak field is given by m,gwh and 
in a strong field by m wh? and in this way m, and mg are defined. For 
a single orbit only three of the quantum numbers kyky, m,, mg are 
independent. ; 

In calculating the terms of a complex spectrum it is necessary 
to take into account all the electrons in incomplete , groups. The 
spectroscopic nature of each term is specified by a quantum number / 
which relates to the whole set of electrons not in complete groups. 
It is not necessary that / is equal to the k, of any one of the orbits 
present, and it is taken to be 1/2, 3/2, 5/2, etc., for S, P, D, etc., terms, 
so that / = k, when there is only one electron in an incomplete group. 
Each term possesses a certain multiplicity 27, and is in general a 
multiple term with different levels defined by 7, the values of 7 being 
uniquely determined by r and J. 

In the terms which are given by a set of electrons in incomplete 
groups, the relation of r and J to the m, of the individual electrons 
is obtained in the following way. The orbit of each n, electron in a 
magnetic field is defined by the five quantum numbers 7, ky, ky, my, 
and m,, the magnetic state of each orbit is given by m, and mg, and 


the magnetic state of a set of electrons is given by m, = Xmy,, and 


1 Zettsch. fiir Phys., 32, 841 (1925). 
® Tbid., 33, 345 (1925) 3 34, 296 (1925). ; ; 
3 An explanation of this will be found in Chapter II. ; is Larmor’s rotation 
frequency, 4 is the Planck constant, and g is the Landé separation given by 
MS a Re + K2 
eet at = 2) 
where R is one-half of the multiplicity of the system, K = 4, as defined above, and 
I =z + t. 
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My == Sm,. Each separate electron can take all its possible magnetic 
states, subject to the condition that no two electrons can have the 
same values for all of the five quantum numbers. The separate mag- 
netic states defined by m, and mg, are then collected into sets corre- 
sponding to the magnetic states of terms with various values of 7, 
1, and7z. For example, an n, orbit (kj = #) has six possible magnetic 
states 


hy 


3, 


+ t 
+ 2. 


N teles 
KH IR 
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A system formed of an m, orbit and an (m1), orbit has thirty-six 
magnetic states when is not equal to m}, since each orbit has six 
magnetic states and each orbit can take each of them independently 
of the other. These thirty-six states have values of m, and m, which 
correspond to the magnetic states of six terms, namely, 1S, 1P, 1D, 
35, 3P, and *D. If n =n} then twenty-one out of the thirty-six 
magnetic states of the system disappear, some because different states 
of the atom are then no longer produced by changing the value of 
n (ky ky, my, and my, remaining the same), others because no two 
electrons can have the same values of k, ky m, and mg if they have the 
same value of n. The remaining fifteen magnetic states have values 
of m, and m, which correspond to the terms 1S, 1D, and 8P. 

It is not necessary always to go through the calculation of the 
magnetic states. The general theoretical rule holds that if an electron 
in an 7, orbit is added to an ion defined by ry = R and] = L (n and 
k not both being equal to the m and k of an electron already present), 
a set of terms is obtained for which / and r are given by 


27 == OR 4.1) 
|L—-&[+4<l<L4+4,—14. 


For example, if a 3, electron (k, = 2) is added to an ion having com- 
plete 1, and 2, groups and two 2, orbits giving a 3P state (2R = 3, 
L = 3), then 2r = 2 and 4,1=4,3,5. The following states, there- 
fore, are formed: 2S, #P, 2D, 4S, 4P, and 4D. In order to find which 
of these terms remain when the value of m for the added electron is 
equal to that of one of the electrons already present, it is necessary 
to calculate the magnetic states of the orbits. 

It may be stated as an empirical rule that of the terms based on 
a given state of the ion and a given n, orbit of the added electron, 
those with greater values of 1 and r usually lie deeper than those 
with smaller values of J and r. 

It is not possible to correlate uniquely the states of an atom with 
the values of k, of the orbits of the individual electrons in incomplete 
groups, but if the states are due to the addition of an electron to an 
ion in a state giving a multiple term, the individual members of the 
resulting multiple terms can be correlated with individual members 
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of the multiple term of the ion from which they were derived. This 
and this only is physically significant, and probably it is only signi- 
ficant when the single electron is in an orbit from which it can be 
removed much more easily than the electrons in the ion. 

In the example given above, the correlation is shown in Table CX. 


TABLE CX. 


Ton. Atom. 
Orbits. Terms. Orbits. Terms. 
22 29 3P, 2 22 32] *Dy ‘P, ‘Se 2D; 2P, Si 
Ole iD) cola ie *D. IEG 
3 
Py 21); AB) 


The rules of combination are as fol!ows :— 

1. Not more than two electrons make transitions from one 1; 
orbit to another, and then only such transitions occur for which 
Ak, = +1 for one electron and 4k, = 0, + 2 for the other. 

2. The terms can be divided into two classes, which may be written 
with and without a bar over the letters which specify the / value, 
1.e. S, P, D, etc. Within one class the transitions are restricted to 
those in which MJ = + 1, and occasionally + 3. Between two classes 
the restriction is 4! =o and occasionally +2. It is immaterial 
which class is indicated by a bar. 

3. Mi = 0, +1, the transition i> 7 = 0+ 0 being excluded. 

Up to the present we have distinguished the two classes of terms 
by the use of an asterisk, but we may follow Fowler and Hartree in 
using the bar here since this only refers to the combinations of the 
terms, whereas the asterisk has at times been used to indicate some- 
thing further as, for example, a failure to fall into a Rydberg series. 

In applying this theory to the spectrum of O II., Fowler and 
Hartree point out that presumably the distribution of the electrons 
among the groups of the , orbits of the doubly-ionised oxygen 


atom is 


2 ly, 2 21, 2 29; 


which gives the terms 3P, 1D, and 1S, of which °P is probably deeper 
than 1D, the 1D and 1S states being metastable. The O IL spectrum 
would therefore be expected to include mainly terms based on a 
8P state of the core, with some based on a !D state, and perhaps some 
based on aS state. 

In Table CXL. are shown the terms to be expected from the theory 
and the observed terms which have beeh correlated with them. 
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TABLE CxXI. 


SCHEME OF OII TERMS 


S ¢. ? 
E er7zes 2 (0) 
p= 22 Electron 31 ; 
ues 
! 
2 
1 
2 
1 
2 
1 
3 
2 
3 
2 
4 
3 
2 
3 
2 
) 
3 
2 
' 
? xs $52703 Pr 3 
3 4P | 
1 
78497. 4 
78621 3 
d 78713 2 
78768 1 
4 
3 
2 
’ 
5 
4 
3 
' ' & 
' ' 
25 1 
1950494 = 
’bp 50541 oer 
ah OE 
1 
"676050 = 
ad 76049 —L “De 
? bd $53074 2D 
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The vertical lines on the right of the table indicate the three states 
of the O** core, the 3P state being shown as resolved. From these a 
series of horizontal lines are drawn which are intersected by a series 
of vertical lines, some of the points of intersection being marked with 
dots. Each dot indicates a member of a multiple term derived from 
the theory, those on the same vertical line indicating the members 
due to the same n,;, orbit of the added electron. The values of n, are 
given at the top of these vertical lines. The dots on any one hori- 
zontal line represent individual levels of a multiple term, with the 
same values of r, /, and 2, produced by adding an electron in an orbit 
with a given value of k but varying x to the O** core in the state 
represented by the vertical line on the right in which the horizontal 
line has its origin. Thus the dots on the second and third horizontal 
lines indicate respectively *P, and ?P, terms arising from the addition 
of an electron in an 7, orbit to the O'* core in the 3P, and 3P, states. 
The horizontal lines for the members of a single resultant multiple 
term are grouped together. 

The numbers on the right of the dots are the term values given by 
A. Fowler, which have been identified with the theoretical terms. All 
of his terms are represented in the diagram, except the somewhat 
doubtful xd* doublet term 92582 and 92533. 

Fowler and Hartree discuss these results and point out that there 
seem to be the beginnings of three Rydberg sequences among the ob- 
served terms. The most definite is the 7P sequence formed by the 
addition of m, orbits to the 3P state of the core. Each of these ?P 
terms consists of two members based on the °P, and 3P, states, re- 
spectively. Since the value of k of the added orbit is 1, it would be 
expected that the separations of the doublets would be all about the 
same and tend to the difference between the *P, and ’P, states of the 
core as the value of m of the added orbit increases. This seems to be 
true, the three observed ?P terms have separations of 180, 187, and 193, 
whilst. the separation of the 3P, and 3P, states is probably about 204, 
this value being derived from Millikan and Bowen’s observations of 
the triplet at A = 703 which is provisionally adopted as an O IIL 
triplet involving the 3P state. 

Fowler’s quartet terms, ap and bp, probably also form the beginning 
of a Rydberg sequence, and consequently the separation of this series 
should tend towards the separations of the °P state, z.e. 107 and 204, 
as the value of of the added orbit increases. When m is small it 
is to be expected that they would agree more nearly with the ratio 
3:5 given by the Landé rule. The observed separations are 105, 
158, and 105, 161, and, whilst the separation 105 is in agreement with 
the smaller separation of the °P state, the ratio 158: 161 is much 
smaller than 3: 5. 

It also seems possible that the observed terms, ad* and dd*, are 
the first two members of a Rydberg series, and Fowler and Hartree 
give reasons in favour of this. They also point to the interesting 
values of the terms arising from the addition of a 3, orbit to the various 
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states of the core. The term value of a 3, orbit in the field of a 
point charge 2 is 4N/g = 48772. If in O* the 3g orbit lies entirely 
outside the core, as would be expected from a consideration of orbital 
dimensions, the terms due to the addition of it to the core should 
have about this value (reckoned from the appropriate state of the 
core). As a matter of fact the terms identified as being.due to the 
addition of the 33 orbit have values which are close to 48772, but 
rather greater on the whole, as perhaps might be expected from 
analogy with simpler spectra. Further, the separations of the bp* 
and cd* doublets, due to the addition of 3, orbit to the 1D state of the 
core, are both small. This perhaps might be expected, since the ex- 
ternal 3, orbit is not likely, broadly speaking, to contribute much to 
the separation, and the singlet state of the core has no separation 
which can be affected. On the other hand, as has been shown by 
Heisenberg, the addition of an electron even in an external orbit 
(with R = 1) may considerably affect the separations when the core 
is not in a state that gives a singlet term. 

The definite absence of the combination ad — ap**, and the large 
negative separation of the ap** term throws doubt on the identifica- 
tion of this term, but there seems little prospect of explaining it in 
any other way on the present theory. It must not be forgotten that 
terms based on other O III. states may occur; the deepest would be a 
2P term due to the electron arrangement 25, 3), 3; (in addition to the 
electrons in completed 1, and 2, groups), and the next a group of 
terms (including a ?P term) due to the arrangement 2a 3a; Sa. Dut 
these terms would be expected to be very much smaller than the 
observed ap** terms. 

The Electronic Crbits of the Elementary Atoms.—There is one 
extension of the Bohr theory of the atom which we have not hitherto 
touched upon in any way. Whilst it would be beyond the scope of 
the present chapter to enter into a full discussion of the applications 
of this theory, however great the temptation, one particular section of 
Bohr’s investigations does perhaps concern us, namely, the successive 
capture and binding of the electrons, one by one, in the field of force 
surrounding the nucleus. Whereas the problem is simple enough in 
the case of the hydrogen atom with its single electron, the conditions 
obtaining with the other elements naturally become more complex. 

For an element of the atomic number A the formation of the 
normal atom by the return of the displaced electrons must consist 
of A separate stages, to each of which binding process there must 
correspond a spectrum.1_ As regards these spectra, those of hydrogen 
and helium are the only ones about which we have any detailed 
knowledge. As regards the other elements of higher atomic number 
we know that their spectra consist of different types, arc spectra and 


spark spectra, according to the method of excitation. Leaving on 


1 The Theory of Spectra and Atomic Constitution, p. 75 et seg., N. Bohr, 
Cambridge University Press, 1924. 
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one side the fact that all such spectra consist of even or uneven 
systems of multiplicities we know that all spectrum lines can be ex- 
pressed as the difference of two terms, which on Bohr’s theory repre- 
sents the energy difference between two stationary states of the atom. 
The expression of the spectral line frequencies as the difference of 
two terms was first established by Rydberg and generalised by Ritz in 
his combination principle. The Rydberg formula can be written 
in the general form : 
N N 
("1 ae ap)” ("2 a ay)” 


where az, and a, are constants characteristic of the elements and of 
each particular series. It is now known that this formula is only 
approximate, since az, and a;, are not constant, but with increasing 
values of 7, and 7, approach a constant limiting value. Since it is 
now known that spark spectra are exactly analogous to arc spectra 
when N in the above formula is replaced by 4N, 9N, ION, ete., we 
may assume that are spectra are connected with the last stage in 
the formation of the neutral atom, that is to say, the binding of the 
Ath electron. Similarly we may assume that the spark spectrum 
expressed by a formula containing 4N is connected with the binding 
of the (A — 1)th electron, and so on. Following on this we may, 
if we neglect the Sommerfeld fine structure of the individual lines, 
write the energy of the atom in the rth state of the kth series as 
xNh 


E.() = — (r+ a,)” 


f (he 


where x — 1 for arc series and 4 for the first spark series, and so on. 
As has been previously shown the orbit of the electron is defined 
by two numbers, the radial quantum number and the azimuthal 
quantum number, the sum of these two being the total quantum number 
of the orbit. We know from Sommerfeld’s work that the azimuthal 
quantum numbers I, 2, 3, and 4 are associated with the sharp, prin- 
cipal, diffuse, and fundamental series respectively. It follows, there- 
fore, that whilst the azimuthal quantum number is constant within 
any given series the radial quantum number increases for the con- 
secutive variable terms of a given series from the value required to 
complete the total quantum number of the first term up to infinity. 
As will be shown below the total quantum number of the first term 
of the sharp series of sodium is 3 and since the azimuthal quantum 
number of this series is 1, the orbit corresponding to the first term is 
represented by 3,. The radial quantum numbers for the sequence 
of terms of the sharp series are 2, 3, 4, 5, etc. In general, therefore, 
orbits are defined by the total quantum number x and those having 
the same total quantum number are differentiated by the azimuthal 
quantum number k in the symbol 7,. ar 
It is an obvious assumption that the final stage of the binding 
of the first electron in any atom will be a stationary state where 
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the orbit of the electron is a I-quantum orbit, and consequently it 
may be said that in the neutral hydrogen atom the electron moves ina 
I-quantum orbit, or more precisely a I, orbit. In the case of helium 
we have the more complicated problem of the binding of the second 
electron which gives rise to the arc spectrum of helium. As is well 
known this spectrum consists of two systems of lines, each of which 
can be expressed by series formule, and for this reason it was originally 
believed that helium consisted of a mixture of two gases, helium and 
parhelium. The application of the Bohr theory, however, has shown, 
as the result of Franck’s work on dissociation potentials, that the 
explanation of the two spectra is to be found in the fact that the 
binding of the second electron can take place in two ways. By 
one method the normal helium atom is produced, this process giving 
the parhelium spectrum, whilst the second method, associated with 
the helium spectrum, gives a metastable helium atom which cannot 
by a simple transition involving radiation change into the normal 
atom. In the former case the electron last captured, as well as the 
first one captured, is bound ina I, orbit. In the latter case the second 
electron differs from the first and is bound in a 2, orbit, in which the 
firmness of binding is about six times less than that in the normal 
state of the atom. 

In the case of the elements which possess more than two electrons 
in the neutral state, it may be assumed that the binding of the first 
two electrons will in the main be similar to that in the formation 
of the neutral helium atom. These two electrons, therefore, may in 
the normal state of the atom be considered as moving in equivalent 
1, orbits. For the binding of the third electron we look for infor- 
mation to the are spectrum of lithium and also to its absorption spec- 
trum. From the former we learn of the existence of a number of 
stationary states, where the firmness with which the last captured 
electron is bound is very nearly the same as in the stationary states 
of the hydrogen atom. These correspond to orbits where the azi- 
muthal quantum number & is greater than or equal to 2, and the last 
captured electron moves entirely outside the region where the first 
two electrons move. In addition, there exists a series of states where 
k = 1 in which the last captured electron, even if it remains at a con- 
siderable distance from the nucleus during the greater part of its 
revolution, will at times approach to a distance from the nucleus 
which is comparable to the dimensions of the orbits of the first two 
electrons. or this reason the electrons will be bound with a firmness 
considerably greater than that binding the electrons in the stationary 
states of the hydrogen atom with the same value of n. 

Again, it is known that the absorption spectra of the alkali metals 
exhibit the principal series of lines which means that the normal 
state of the lithium atom corresponds to the first member of the 
sharp sequence, since the general formula of the principal series is 
1S —nP. This term corresponds to a strength of binding which is 
only a little more than one-third of that of the hydrogen atom. It 
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may therefore be concluded that the outer clectron of the normal 
lithium atom moves in a 2, orbit just as the outer electron in the 
metastable state of the helium atom. 

It may be noted in passing that this arrangement offers an ex- 
planation of the difference in properties between lithium and hydrogen 
or helium. There is one electron readily lost which makes it electro- 
positive like hydrogen. The binding of this electron is one-third 
that of the hydrogen electron and one-fifth that of the helium atom. 

Although little is known about the series spectra of the next 
elements, beryllium, boron, and carbon, and we have thereby no certain 
guide as to the binding of the 4th, 5th, and 6th electrons, Bohr first 
assumed that all these are bound in 2, orbits. Owing, however, to 
the discovery by Fowler of the enhanced spectrum of carbon (with 
series constant 4N) which involves the 5th electron, Bohr shows that 
it is necessary to assume that the 5th electron is bound in a 2, orbit, 
and the reason for this will be further explained below. 


Fic. 23. 


(From Bohr’s ‘‘ Theory of Spectra and Atomic Constitution.” Cambridge University Press.) 


From the point of view of spectral series the electronic orbits 
in the third period of the periodic table, including sodium, magnesium, 
aluminium, silicon, are of considerable importance. In the case of 
the first element sodium we have the problem of the binding of the 
11th electron, that is to say, one more than in the case of neon. Bohr 
shows that the symmetry of the configuration in the neon atom, to 
which its characteristic properties are due, would be essentially, if 
not entirely, destroyed by the addition of another electron in an 
orbit of the same type as that of the outer neon electron. For this 
reason he considers that the 3 orbits come into being in the case of 
sodium. Just as in the case of lithium, the absorption spectrum of 
sodium exhibits a principal series of lines and therefore the first term 
in the sharp sequence may be assumed to correspond to a 3, orbit. 
He also shows that the first term of the principal series must corre- 
spond to a 3, orbit. 

In Fig. 23 is shown a schematic representation of the stationary 
states of the electrons of sodium, which give rise to the series spectra 
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of that element. The black dots represent the stationary states, and 
the distance of these from the vertical line aa is proportional to the 
numerical value of the energy given by equation (35) above. The 
arrows indicate the various transitions which give rise to the individual 
spectrum lines. The states in the first horizontal row S represent 
the variable term in the sharp series, the lines in which are given by 
transitions from these to the first term in the second row. The 
second row P gives the variable terms in the principal series, the lines 
of which are given by the transitions from these states to the first 
state in the S row. The D row contains the states corresponding to 
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Fic. 24. 


(From Bohr’s “ Theory of Spectra and Atomic Constitution.’ Cambridge University Press.) 


the diffuse series, the lines of which are given, like the sharp series, 
by transitions to the first state of the second row. Finally, the 
fourth row contains the terms of the fundamental series, the lines 
of which are given by transitions to the first state in the D row. 
The curved dotted lines join up the states having the same principal 
quantum number. 

In the case of magnesium there is little doubt from its spectrum 
that the 12th electron is bound in a 3, orbit, similarly to the 11th 
electron, but in aluminium we come across a new phenomenon. The 
absorption spectrum of this element does not show the principal series 
but the sharp and diffuse series, and consequently it is obvious that 
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the 13th electron must be bound in an orbit corresponding to the first 
term of the principal series, 7.2. a 3) orbit. This is also true of the 3 Ist, 
49th, and 81st electrons in the chemically analogous elements gallium, 
indium, and thallium respectively. Fig. 24 represents the stationary 


TABLE CXII. 
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states of the electrons of these four elements, the arrangement being 
analogous to that in Fig. 23. The dotted vertical lines with various 
values of 2 (total quantum number) correspond to the spectral terms 
of hydrogen. 

It was for the same reason that Bohr, basing his conclusion on 
Fowler’s investigation of the enhanced spectrum of carbon, concluded 
that the 5th electron is bound in a 2, orbit, since the first term of the 
principal sequence is larger than the first term of the sharp sequence. 

The general conclusions drawn by Bohr as to the classification 
of the orbits of the electrons in the elements are given in Table CXII., 
but it must be remembered that there are still unsolved difficulties 
and that the scheme must not be considered as final. In view of the 
great. value of Bohr’s work I feel no apology is needed for reproducing 
this table from his book. The square brackets indicate the first 
occurrence of a completed group of electrons having orbits of the 
same total quantum number. The inclusion of certain numbers in 
round brackets indicates that the experimental evidence is as yet in- 
sufficient to fix these numbers with certainty. In the first column 
the symbols of the elements are preceded by their atomic numbers 
whilst the top row indicates the orbits defined by the symbol n,. 

The Relativity Correction and the Fine Structure of Lines.— 
In concluding our discussion of the contributions made by Sommer- 
feld to the theory of spectral series, we may deal with his application 
of the principles of relativity to the Kepler motion. This is a question 
of considerable importance, but we cannot enter into the problem in 
more than an elementary way, that is to say, just so far as concerns 
the hydrogen and helium lines. It has long been known that these 
lines are not truly single lines, that is to say each does not consist 
of monochromatic radiation as has been tacitly assumed from the ele- 
mentary form of the Bohr equation— 
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It was found by Michelson as far back as 1891 that these lines are 
certainly double,! and, from the point of view of the general theory 
of multiple systems of spectral series, this presents considerable 
difficulty. There is no question but that the hydrogen lines are not 
doublets of the same type as evidence themselves, for example, in the 
spectra of the alkali metals. The solution of this problem has been 
found in the relativity principle,2 and when a correction in the for- 
mula is introduced for the variation in the mass of the electron with 
its velocity, the resulting formula not only establishes the double 
nature of the hydrogen lines, but also shows that each member of the 
pair consists of separate components. This is what is meant by the 
fine structure of the hydrogen lines, 


* See vol. ii., p. 179. 
* Sommerfeld, Ann. der Phys., 51, 1 (1916) ; Atombau und Spektrallinien, p. 408. 
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Now in the Einstein relativity theory the mass of the electron is 

given by 
m 

a (1) 

Vi — 
where m9 is the mass when the electron is at rest, that is to say, 
when B = 0, and f is the velocity of the electron measured in relation 
to the velocity of light. This value has to be introduced into our 
formule for the quantising of the Kepler ellipse which were developed 
on p. 105 et seg. It will be convenient to re-state the original con- 
ditions, which were two degrees of freedom, namely, the azimuth ¢ 
and the radius vector g. The quantum conditions are given by 


m 


ob = 20 pb = 20 


pedh = kh, PAI =TE. : a ke) 
~=0 ¢=0 
where py and p, are the two impulse or momentum co-ordinates. By 
Kepler’s second law pg is a constant during the motion, and we may 
therefore put 


Po = P, 
and consequently the first equation in (2) becomes 
2p Ki, : , ‘ Pais) 


The second equation in (2), expressed in terms of the orbital equation 
of the ellipse, becomes 


I 
7 =(C(+CGcosd . ; (4) 
Now relativistic Kepler motion takes place in an ellipse, the 


perihelion of which is advancing, This means that equation (4) 
becomes 


L=GQ+G cosyp ; : 2 ts) 
where the factor y has the meaning : 
yaoi} 6) 
In (6) p has the same meaning as before and 
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where ¢ is the charge on the electron, E the charge on the nucleus, 


and v is the velocity of light. gt 
As the result of (5) the radial quantum condition stated in (2) 


must be modified, and, if we put %& = y¢, we have for the two quantum 
conditions (azimuthal and radial) 
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The azimuthal quantum condition is the same as that previously and 
therefore we again have 


2ap=kh . : . (9) 
The radial quantum condition in (8) passes over into 
‘ rw am : , 
‘e sin? a 7 
dp = : -, AO 
=| Corre (70) 
w=o 


where the integral on the left is identical with the integral in equation 
(3) on p. 105, except for the way the integral variables are designated. 
If we use the result previously obtained in evaluating the integral in 
(10) we have 
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Then from (6), (7), and (9) 


where a = 27e®/hv and x = E/e. 
As the result of (12) we have from (11) 
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In calculating the energy, Sommerfeld first deals with a circular 
orbit and then calculates the energy of the elliptical orbit with its 
two quantum numbers. Here it is that we have to take into account 
the fact that the mass of the electron varies with its velocity. We 
will deal with this question first. If a is the radius of the circular 
orbit and w the angular velocity of the electron in that orbit, then 

nh 


== 710-0 ; F 5 ee 
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this being the only quantum condition which comes into consideration 
with circular orbits, » being the total quantum number. Since the 
centrifugal force is equal to the Coulomb attraction of the nucleus, 
we have in addition to the foregoing 


Mew? = ek, 
and consequently it follows from (14) that 


27eK ; 
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This gives the velocity of the electron in its orbit and what we require 
for the relativity correction is the velocity measured in terms of the 
velocity of light. In order to obtain the latter we divide (15) by the 
velocity of light v, and thus we have 


aw 2neE aE at 
B v nhv- nen (16) 
_ Now, as already stated in (1), the mass m of the electron varies 
with its velocity in accordance with the relation 
Via Bo 


and substituting the value of B from (16) we have 
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Sommerfeld then shows that in the case of a circular orbit the total 
energy W is given by 
Ww 4 atx? 

i Mov" : n oy 
In the case of elliptical orbits the total quantum number » is resolved 
into the azimuthal quantum number & and the radial quantum 
number 7, that ism =r-+k. We have, however, already seen that 
owing to the advancing of the perihelion of the ellipse, k is now to be 
replaced by ky, which from (12) is equal to Vk? — a2x. It follows 
therefore that the total energy in the case of elliptical orbits is given 


» Net at =a 
; rr E " (r+ Jem | 
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In order to find the effect of (19) when we consider the radiation of 
energy in passing from the initial state to the final state, we have from 


Bohr’s equation 
lv=W,—-W, . : : i. (20) 


where Wg is the total energy of the initial orbit and W, that of the final 
orbit. If now in (19) we express the azimuthal and radial quantum 
numbers of the initial orbit by &, and 7,, and those of the final orbit 
by & and r, we have from (19) and (20) 
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and consequently we can write (21) in the form 


2N/( ann = a2x2 -2) 
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(22) 

In the case of hydrogen, x = oS I, and therefore (22) is simplified 


to 


(23) 


This formula (23), as Sommerfeld says, includes all the spectroscopic 
phenomena which the hydrogen atom is capable of exhibiting. 

In order to render the formula (22) convenient for purposes of 
calculation, Sommerfeld develops it in powers of the small quantity 
a”, In cases, such as those of hydrogen and helium, where x is not 
greater than 2, it is sufficient to retain the first two powers of a2 
for visible and ultra-violet spectra, and these two cases we may deal 
with first. The required approximation is carried out as follows. 
We may denote the quantum sum which occurs in the denominator 
of (22) by S, and then 


a oe eee 2,2 
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Further, we have 
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To the required degree of approximation we may put 
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and 


(26) 


* This is the Bohr value of N (see p. 65). 
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If we substitute these values in (25) we have 
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This development may now be inserted in (22) which contains the 
quantum numbers 7, k, of the initial orbit, and the quantum numbers 
r, k of the final orbit. In taking the difference between the two terms 
in the square brackets, the first term, which is 1, cancels out and the 


2 bs ; ‘ 
factor qe may be divided out. The wave-number vy is then given by 


the difference of a first positive member, depending on the quantum 
numbers k and 7, and of a second negative member depending on the 
quantum numbers k, and 7;. This may be indicated by 


v= (Ryer) (Ry My). = : 3 » = £28) 
For the first term in (28) we have 
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and for the second term in (28) 
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The observed wave-number v of the radiations emitted when the 
electron falls from the orbit defined by the quantum numbers &,, 7, 
to the orbit defined by the quantum numbers k, 7, will be given by 
the difference (29) — (30). Each of the two formule has three terms 
and consequently we may write 


v= Vy + Ve + Vs, 


where v, is the difference between the two first terms, v2 the differ- 
ence between the two second terms, and vz that between the two third 
terms. We have therefore 
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which is identical with the formula (8) given on p. 107 for an elliptical 
orbit, and, indeed, is identical with the Bohr equation, since the sum 
of the azimuthal and radial quantum numbers equals the Bohr 
quantum number. 
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The second term difference is 
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and this gives a general increase in the wave-number which is the 
same for circular and elliptical orbits. It may be called the general 
relativity correction. 

The third term difference is 
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and from this it can be seen that relativity brings about a separate 
increase in the wave-number for the various elliptical orbits. This 
increase depends on k and r individually and increases with the eccen- 
tricity of the orbit. Each emission, therefore, instead of being truly 
monochromatic, will depend on the ratios of the integers r/k and 74/k,. 

We may now consider the application of these theoretical results 
to hydrogen in order to determine, in particular, the effect of the 
term v3. For this purpose we may take the first line of the Balmer 
series, the wave-number of which, as previously shown, is given by 
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where 2 and 3 are the Bohr quantum numbers for the final and initial 
orbits. The formula derived above, on p. 107, for elliptical orbits 
substitutes for the Bohr quantum numbers the sums of the azimuthal 


and radial quantum numbers, so that for this line k +r —=2 and 
ky +7, = 3. No alteration in the wave-number is caused thereby, 


and consequently we have from (31), since x = E == 
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For the general relativity correction we have from (32) 
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where a? = 4n°e4/h2y? — 5-307 x 1o~5, using the values given for é, 
h, and von p. 65. The value of v, is therefore 
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The wave-number of the line corrected for the general relativity 
effect is 

¥y + %y = 15233°19 
or Aair = 6562-806 A. 


The result of the third term is of very great interest and importance. 
In this term we have the two quantum number ratios r/k and 7,/R,, 
and since k + r = 2 the ratio r/k has the value of either 0/2 or 1/I. 
eae since k, + 7, = 3, the ratio 7,/k, has the value of 0/3, 1/2, 
or 2/1. 

If the two ratios be 0/2 and 0/3 respectively, it is obvious that 
the value of the term will be zero, and consequently a line will be ob- 
tained with the wave-number 


Vy +p = 15233°19. 


If the two ratios be 1/1 and 0/3 respectively, then the value of the 
third term will be 


— 
i Pies 5°834(% = 0) 
= 0°3640. 
There will, therefore, be a second line having the wave-number 
Vy + Yq -F ¥g == 15233°5540. 


It follows from this that the hydrogen line H, will be double, the two 
principal components being separated by the interval 


Av = 0:3646 
or An = 234° = ont571. 


We have, however, still to take into account the ratio 7,/k, which 
may have the value of either 1/2 or 2/1, so that each line of the doublet 
will have two satellites. For the purposes of calculation it is more 
convenient to calculate the differences in wave-number between each 
component of the doublet and its two satellites. These are 


I I 
A= 5834( 4 Be 5) = 0:0360 


or Ad, = 00155, 
I 2 
and Ay, = 5834 (Sa x =) = 01440 
re] 
or Ad, = 0:0621. 


It must be noted that the second term within the brackets of formula 
(33) is negative, and consequently the two satellites will have smaller 
frequencies than the two lines which they accompany, that is to say, 
they will be situated on the red side of the two components of the 
doublet. 
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The most important interval is the wave-number difference 
between the two principal components, and this may be written as 
Av, the theoretical value for which is the same for all lines of the 
Balmer series, since in the case of all these lines k-+-r=2. The 
values of Jv, = 44, and the wave-number differences between the 
lines in each triplet of H, measured consecutively from the principal 
line are 0-0360 and 0-1080, and as may be seen from the formula (33) 
are § Av, and 4, Mv,, respectively. 

In the case of H, line for which k, + 7, = 4 there will be two 
components (4v = 0:3646, JA = 0-0862) and each of these will have 
three satellites associated with it, that is to say, the fine structure 
will consist of two quartets, each having identical separations between 
its components. In general, the number of satellites associated with 
each principal component of the doublet will be given by 7, + k, — I. 

We may now consider the experimental evidence and see whether 
the very definite results obtained from the theory are confirmed by 
observation. As already stated at the beginning of this section, it 
has long been known that the hydrogen lines of the Balmer series 

are doublets and that the interval 
iE & 1 ea between them decreases with de- 
I 0 2¢——-3 0 a@ _ creasing wave-length. This was 
first observed by Michelson (see 
Vol. 1. Chap. 1, p: -@), amd has 
ar sah since been confirmed by several 
later observers. This gives a quali- 
tative verification of the theory, 
and it may be pointed out in pass- 
ing that the double nature of the 
lines of the Balmer series, previous 
to Sommerfeld’s theory, was some- 
what of a mystery. When the hydrogen lines are examined under 
very high resolving power, they exhibit a fine structure it is true, but 
the number of the components is not as great as that calculated 
from the formula (33). This is due to the principle of selection which, 
as we have already seen, states that when no external field is present, 
the transitions of the azimuthal quantum number are limited to 
-+E I, no restrictions being imposed on the transitions of the radial 
quantum number. In other words, the principle only allows those 
transitions for which ky — k = + 1, and consequently when no external 
field is present some of the lines of the total number rendered possible 
by the formula (33) do not appear. The effect of this is shown in 
Fig. 25, where I. and IL. represent the two groups of principal lines 
and satellites, and a, b, ¢ represent the principal line and the two 
satellites within each group. 

The arrows show the only transitions of the azimuthal quantum 
number which are allowed by the condition that k, — k must equal + 1. 
The transitions Il.a, Ic, Lb are forbidden since k, would either jump 
by two units or remain the same. Consequently in the absence of 


Fic. 25. 
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any external field the only components present will be La, I.c, and II.b. 
If the principle of selection be applied to the other lines of the Balmer 
series it will be found that the number of components in the absence 
of any external field will be limited to three in each case. 

It follows from the principle of selection that the observed value of 
Av for the Balmer series will be somewhat smaller than the calculated 
value My,,. For example, in H, the principal component Ia is missing, 
with the result that the distance between the optical centres of gravity 
of the two ideal triplets will appear smaller than the theory leads us 
to expect. This agrees with observation since the mean of the values 
of Av for H, obtained by several observers is 0-279, Mv, being 0:3645. 

On the other hand, the principle of selection is invalidated when 
an external field is present and the theoretical number of components 
will appear. It is known that in the Stark effect,! that is under the 
influence of an external electric field, the number of visible com- 
ponents increases with the order number of the line in the Balmer 
series, which gives a second qualitative verification of the theory. 
Again, the theoretical number of components is obtained with a 
very strong current density as the first indication of an incipient 
Stark effect. 

For the first quantitative proof of the theory we are indebted to 
Paschen ® who succeeded in determining the value of dv, from 
measurements of the fine structure of ionised helium lines, for which, 
as previously shown, «== 2. There is considerable advantage in 
testing the theory on helium, for the helium lines are sharper than 
those of hydrogen. They are less broadened by the Doppler effect 
due to heat motion, owing to the fact that the atom is four times as 
heavy as the hydrogen atom. Further, in the spectrum of He* the 
nucleus is doubly charged and the spectrum is less influenced by the 
Stark effect. In spite of this, the measurements require a resolving 
power that is very difficult to obtain. Although Paschen succeeded 
in measuring the fine structure of many helium lines, we may restrict - 
ourselves to his measurements of the fine structure of the line A = 4687, 
for these have the greatest probable accuracy. The formula for this 
line, omitting all relativity refinements, is 


Neh) 


and, since k + r = 3 and k, + 7, = 4, the theoretical structure of the 
line consists of three quartets. Using a heavy spark discharge, Paschen 
observed nine out of the twelve lines and measured eight intervals. 
Two of these were also measured with a less heavy discharge. In 
Table CXIII. are given the results of Paschen’s measurements, the 
first column containing the two components, the difference of whose 
wave-length, JA, is given in the second column. The third column 


1 The Stark effect will be described in Chapter IIT, 
2 Ann. der Phys., 50, 901 (1916). 
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contains the theoretical wave-length differences expressed as mul- 
tiples of the standard value AAy. for the line A = 4687, and in the 
fourth column are given the values of AAye calculated from the ob- 
served values of 4A. The fifth column contains the relative weight 
which Paschen assigns to each measurement. 


TABLE CXIII. 


AA. AAjyz, (obs.). 

IIl.a@-IIl.c 0:0906 Are 0:09060 fe) 
IIl.a-I1.d 0:2418 34 Au. 008060 2 
IIl.a- IlL.a 03805 3 X 1°58024A4;, 0:08027 Bg : 
Ill.a- La O°5011 4 x 1°58024A,,, 0:07926 5 | Strong spark dis- 

Il.a- 11.4 00296 54g. 00888 e) charge. 

II.a- Il.c 0:0867 Aye 0:0867 fo) 

Il.a- Il.d 0°2385 34. 0:0795 2 

game led, O:2417 34du. 0:08057 2 
Il.a-H.c o-0811 Arye o-0811 1\ Spark discharge and 
IiL.a@-Il.d 0°2426 34 A. 0:08087 2 f continuous current. 


The mean value of AAy, obtained from the values given in the fourth 
column is 0:08007 +. 00010 Angstrém, and from this the value of the 
standard hydrogen wave-number interval Av, = 0-08007/(4687)? = 
0:3645 -~- 00045. This value is extraordinarily close to the theo- 
retical value given above, 0:3646. 

More recently the value of Av, has been directly measured by 
Shrum + in Toronto, who employed a vacuum tube cooled by means 
of liquid air. The measurements are given in Table CXIV. 


TABLE CXIV. 


r. Ax. Ary. Probable error. 
Ha 6562°793 O'143A. 0°33 + 0:02 
Hg 4861-327 0-085 0°36 + ool 
Hy 4340°466 0:070 0°37 + 0°02 
Hs 4101°738 oO'061 0°36 + 0:02 
He 3970:075 0°055 0°35 + 0-02 


Although these measurements are not of the same accuracy as those 
of Paschen, this confirmation of the value of Av, by direct measure- 
ment is of great interest. 

There thus can be no doubt that the relativity equation (33) has 
found complete verification in experimental observation, and that 
the general theory of atomic phenomena has been placed on an 
entirely firm basis. As Sommerfeld says, the absolute theory has 
come to grief owing to spectroscopic facts and has to give up to the 
theory of relativity the position of sovereignty which it formerly 
held. 


There still remains the question of the relative intensities of the 


*McLennan, Mature, 112, 166 (1923). 
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various components, and there appears to be no straightforward 
expression which gives these intensities. Sommerfeld assumed that 
in any doublet the intensities will decrease in the ratio 2:1, in a 
triplet 3: 2:1, in a quartet 4: 3:2: 1, in the order of the circular 
orbit to the increasingly eccentric orbits. In the H, line the intensi- 
ties of the components of the first triplet I.a Ib, I.c will be 6/6, 4/6, 3/6, 
and in the second triplet 3/6, 2/6, 1/6 respectively. In the absence 
of any external electric field, as shown above, I.b, Il.a, and II.c are not 
present. This distribution of intensities, however, has been defin- 
itely proved by observation to be incorrect, and the question has been 
discussed in a very important paper by Kramers.! From the point 
of view of the validity of Sommerfeld’s theory, the question is perhaps 
of secondary importance, but it comes into great prominence when 
the optical centre of gravity of the components of the hydrogen doublet 
or helium triplet are measured. The whole question has been well 
discussed by Birge,? who shows that the breadth of the components 
of H, and Hg and the intervals between them should be the same as 
those observed by Merton.? 

X-Ray Spectra.—The relativity formula (22) on p. 246 has also 
been applied by Sommerfeld to the doublets in the X-ray region. 
Most valuable and important work has been carried out by Millikan 
and Bowen, in which they have linked up these doublets with ordinary 
spectral series, but in order to enable us to understand the significance 
of this it is necessary first to discuss the salient features of X-ray 
spectra and their relativistic treatment. 

This account must of necessity be restricted in a chapter which 
claims only to deal with spectral series, but it must not be forgotten 
that X-ray spectra have proved to be of immense value in connection 
with the general problem of atomic structure. As is well known, 
investigations in the field of X-rays have followed two very distinct 
lines; in the one the characteristic X-ray spectra of the elements 
form the subject of study, and in the other the structure of crystals 
is finding elucidation by the utilisation of X-rays of known wave- 
length. This arises from the initial discovery by Laue 4 that just as 
a grating is adapted to the diffraction of ordinary light and deter- 
mination of wave-length, so is the structure of crystals adapted to 
the very short wave-length of X-rays. The experimental methods 
employed in these two fields of work cannot be given here, and, 
indeed, we can only consider the quantitative relations between the 
wave-lengths of the characteristic lines of the X-ray spectra of the 
elements.° 


1D. Kgl. Danske Vid. Selsk. Skr. natur og math, Afd., 8, \11., 3 (1919). 

2 Phys, Rev., 17, 589 (1921). 8 Proc. Roy. Soc., A, 97, 307 (1920). 

4 See Jahrb. fiir Radioaktivitat und Elektronik, 11, 308 (1914). 

5 Professor Sommerfeld gives in his book, Atombau und Spektrallinien, 4th 
Edition, Chapters 4 and 6, a full account of X-ray spectra of the elements. Crystal 
structure is dealt with by Sir William Bragg in X-rays and Crystal Structure (Bell 
& Sons, London, 1916); and by P. P. Ewald, Avésta//le und Réntgenstrahlen 
(Springer, Berlin, 1923). 
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In discussing X-ray spectra, which are those given when the elec- 
trons are displaced from the innermost shells of electrons, we find 
that the quantitative relations are simpler than in the case of ordinary 
spectra, which are due to the outermost electrons. The explanation 
of this is to be found in the fact that the inner electrons come under 
the influence of the nuclear charge far more than do those in the 
periphery of the atom, and in consequence they obey simpler laws. 

At the commencement it will be advisable to devote a few lines 
to the system of nomenclature which had its origin in the days before 
the nature of X-rays was understood. The essential characteristic 
of these rays as shown by Réntgen when he first discovered them in 
1895 was their remarkable penetrative power towards a sheet of alu- 
minium. Barkla, to whose early pioneer work much is due, proved 
that when cathode rays or X-rays fall on an element, it emits char- 
acteristic rays of a definite hardness. This hardness was measured by 
the penetrative power those characteristic rays have towards a sheet 
of some material such as aluminium. He further showed that the 
absorptive power of the aluminium obeyed very simple laws, and 
concluded from this that the radiation must be very nearly homo- 
geneous. The hardness, therefore, at that time was defined as pene- 
trative power. Barkla further showed that a simple relation exists 
between the hardness of the characteristic X-rays and the atomic 
weight of the element which emits them. With increase in the atomic 
weight of the element, the hardness increases, and he concluded that 
the characteristic X-ray radiation is a property of the elementary 
atom and is determined by the atomic weight. 

In addition to this, Barkla demonstrated that a single element 
can give two different characteristic X-ray radiations, one of which 
is much harder than the other. The harder type he called the K 
radiation and the softer type he called the L radiation, and these 
designations are still used. An important point was noted by Barkla 
in that the radiation which excites the characteristic radiation must 
be harder than the latter. For this reason he looked on the char- 
acteristic radiation as fluorescent light, thereby finding an analogy 
with the Stokes rule in fluorescence emission spectra. If the char- 
acteristic radiation is excited by X-rays then these must be harder 
than those emitted, and‘if it is excited by cathode rays these must 
travel with a velocity which exceeds a critical limit. 

As the result of Laue’s discovery, the hardness of X-rays was 
replaced by quantitative measurements of wave-length and great 
advances were quickly made. The K and L radiations were found 
to be line spectra of a simple type, and we now speak of the K series 
and the L series of lines. Then, owing to the brilliant work of Moseley, 
it was found that there exists a simple numerical relation between 
the wave-length of the X-ray spectra lines and the atomic number 
of the element producing them. Further, Siegbahn found that yet 
another series of lines exist, the wave-lengths of which are larger than 
those of the K and L series, and to these he eave the name of M rays. 
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The K series of lines arise from the displacement of an electron 
from the innermost shell of electrons, and, since the influence of the 
nucleus is the greatest, the K series of lines has the smallest wave- 
lengths corresponding to the greatest amounts of energy involved in 
the transitions which give rise to them. Next in order come the 
displacements from the L, M, N, ete., shells, with increase in the wave- 
lengths of the characteristic lines. Table CXII., on p. 241, shows 
how with increasing atomic number the K, L, and M, etc., shells are 
progressively built up. 

When an electron is removed from the K shell and displaced to 
the periphery of the atom, the tendency is at once for the K shell to 
be reconstituted.t_ This may be achieved by the transference of an 
electron to the K shell from either the L shell, M shell, or some other 
shell. The energy radiated depends, of course, on the shell from which 
this electron starts, being the greater the more distant the starting- 
point is from the K shell. The spectrum line emitted when the elec- 
tron passes from the L shell to the K shell is known as the Kg line, 
the Kg and K, lines being given by the transitions from the M and 
N shells respectively. It thus follows that the Ka, Keg, and Ky lines 
are in decreasing order of wave-length. If we take into account the 
relative probabilities of these three possible transitions we can arrange 
them in decreasing order, namely L > K, M-> K, and N=>K. It 
thus follows that the lines K,, Kg, K, will be in decreasing order of 
intensity, as is indeed the case. All the lines which are due to 
transitions having the K shell as their end point belong to the K 
series, whilst all those due to transitions to the L and M shells are 
known as the L series and M series respectively. 

We may first consider the K series of lines which formed the sub- 
ject of Moseley’s investigation and led him to the great discovery of 
the numerical relationship already referred to.2 He examined the 
characteristic K spectra emitted by calcium, titanium, vanadium, 
chromium, manganese, iron, cobalt, and nickel, and found that the 
spectrum consisted in each case of two lines which were the K, and 
Kg lines. The resolving power was not sufficient to show the K, 
line separated from the Kg line. Moseley noted that the X-ray 
spectrum is a definite characteristic of the atom and is, moreover, 
an additive property since the X-ray spectrum of brass shows the 
K lines of copper and zinc with their correct wave-lengths. 

He showed that the frequencies of the lines increase with the 
atomic weight and, further, that the frequencies are proportional to 
A(Z — s)? 
where A and s are constants, and Z is the atomic number. Apart 
from its fundamental importance as regards atomic physics, this 
discovery was of singular interest to chemists, since it threw a new 
light on the periodic classification of the elements. It is now a matter 


1 Kossel, Deutsch. phys. Ges. Verh., 16, 899, 953 (1914); 18, 339 (1916). 
2 Phil. Mag., 26, 1024 (1913) ; 27, 703 (1914). 
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of history that the old arrangement of the elements in ascending 
order of atomic weights gave immediate place to their arrangement 
by atomic numbers, and that in this way the anomalous positions of 
argon and potassium, tellurium and iodine, cobalt and nickel found 
their true explanation. Furthermore, the vacant places in the 
periodic system became at once clear and defined. 

Turning once again to the K series it has been found that there 
are present more lines than the three already mentioned, owing to the 
fact that the L, M, N, ete., shells contain more than one level in each 
case. Altogether in elements of very high atomic number such as 
thorium where the P shell comes into play there are ten possible 
transitions giving rise to ten lines in the K series. For a full account 
of the various possible combinations in the K, L, and M series refer- 
ence may be made to Sommerfeld’s book. For our present purpose, 
namely, an introduction to Millikan’s work, the elementary facts need 
only be considered. The four most important K lines are those which 
arise from transitions from two L levels and two M levels, and these 
may be called the K,, Ky, Kg, and Kg lines respectively. The 
most convenient method of expressing the linear relations found by 


Moseley is to plot the values of Vn against the atomic number, where 
N is the Rydberg constant. If v is expressed in wave-numbers, the 
difference between the values of Vx for the K, lines of two consecu- 


tive elements is about 0:866. Now 0:866 is equal to y/3/4, and con- 
sequently for the K, line we may express the Moseley relation by 


Vv 


N = 3(Z ae S)F 
But s is almost equal to unity, and we have, therefore, 
v ay al I 
y= i2—D8=(Z n( =) 


This expression exhibits a remarkable analogy with the formula for 
the Balmer series of hydrogen lines. In its most general form this 


formula is 
2 
=n 
CJ NR ns 


I I 
NI 2t oe ee 
ot (as 72) : 


Thus the only difference is that in the K series the full value of Z 
does not come into play but it is reduced by the constant s, which, in 
the case of the K, line, is equal to unity. Sommerfeld calls this 
constant the screening constant. 


and since E = Ze 
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It must be noted that the linear relation between Vn and Z is 


not absolute, since the line exhibits a slight curvature. The Moseley 
relation can, indeed, no longer be considered as exact. The true 
expression is attained by the application of a relativity correction. 
Again, since the lines are due to electron transitions, their frequencies 
must be given by the difference between two terms, just as in ordinary 
spectral series. 

In order to displace an electron from the K, L, and M shells to 
the periphery of the atom definite quantities of energy will be required. 
If these three quantities of energy, divided by the Planck constant h, 
be denoted by K, L, and M, then we have 


K.=K—-L “Ky=K—M K/={K—N 
Se Mn 
M.=M—N 


It follows from this, as pointed out by Kossel, that 
Kes Kutie, Ky=K.+L,, Ky,=Kg+ M,, L, = La + M,, 


if the symbols for the lines represent their frequencies. If their wave- 
numbers are used the energy quantities necessary for the electron 
displacement must, of course, be divided by hv, where v is the velocity 
of light. 

Since the K, line is due to the combination of two terms, the 
Moseley relation cannot be exact unless the screening-constant, s, 
be the same for the two terms. This cannot be assumed, it being 
more probable that it is smaller for the K term than for the L term. 
“In spite of this,” as Sommerfeld says, ‘‘ it will always be noteworthy 
that Moseley, in his first entry into the realm of quantitative X-ray 
spectroscopy, made the first and most important step in the theo- 
retical explanation of high frequency spectra.” 

The L series has a more complex structure than the K series, 
owing to the greater number of the levels involved. The important 
feature of this series from our present standpoint is the existence of 
doublets. There are two types, namely, the L doublets, which are 
due to transitions from the same initial level (M, N, or O level) to 
two L levels, and the M doublets of the L series, which are due to 
transitions from two different M levels to the same L level. These 
doublets exhibit a remarkable feature in that each doublet series has 
a wave-length difference which is nearly constant throughout the 
whole series of elements. This constancy is particularly evidenced 
in the M doublets of the L series, the tendency in the L doublets 
being for the value AA to decrease slightly with increase in atomic 
number. . 

If, as in the case of the K series, the values of lx be plotted for 


the L series against the atomic number, the relation between the two 
VOL. II. 17 
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is found to be approximately linear. The lines show a slight curva- 
ture which is due to the want of the relativity correction. The rela- 
tion, however, is not so simple as it is in the case of the K series, 
since some of the lines obtained on plotting the values for the different 
members of the I series cross one another. 

If now the values of Av/N are compared for all the L doublets 
it is found that, within the limits of experimental error, these are 
constant for any one element. Further than this, it is found that 
the values of /Av/N form an arithmetical progression, that is to 
say, there is a linear relation between V/Av/N and the atomic number. 

The foregoing relations can be expressed in the following way.! 
The separation of the doublets in wave-numbers is 


‘A ES i es AA 
ibe Sh) Oe ie a 


Ar”, 


it A and v be the mean wave-length and wave-number, respectively, 
of the doublet. We have already seen that for any one series of 
doublets JA is a constant and is independent of the atomic number, 
and if we put 4A = at we have WV Av = aVv. It has been shown 
that dp is a linear function of the atomic number, and the same 
is true of a/v by Moseley’s law, not only for the lines of the K series, 
but also for those of the I, and M series. Now the value of V/ Av/N 
for the L doublet increases by 0-043 when the atomic number increases 
by unity, the relation between the two being given by 
pes 
ef = 0:043(Z — 35), 


This can be written in the form 
Ap 56 10S” 


= SSSR — 3504 


This law is of great importance in connection with the inner structure 
of atoms; it leads us not only to the rules of the quantum theory 
which hold for the inner structure, but also to the laws of the rela- 
tivity theory. The law was derived for the L doublets, but it also 
holds good for all analogous doublets. In the M doublets the value 
24 in the denominator is replaced by 2 x 3% and the constant 3-5 has 
a different value. 

We may now consider in a very brief way the application of the 
relativistic principle to the X-ray doublets of the L, M, and N series. 
In order to understand the phenomena it is necessary to assign symbols 
to the various levels to which these doublets are due, and we may 
use those adopted by Bohr. The L doublets are due to the L,, and 


1Sommerfeld, Joc. czt., p. 278. 
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Ly, levels, and similarly we have the My, My, and N,, and ipa 
levels. We may direct our attention in particular to the L doublets, 

For the relativistic treatment of X-ray spectra we are indebted 
to Sommerfeld, who points out that from the minute relativity 
doublet of hydrogen a direct road proceeds through the fine structure 
lines of He+ to the doublets of X-ray spectra. The relativity formula 
(22) on p. 246 was developed in a way suitable for application to the 
cases of H and Het, but it is necessary for the purposes of X-ray 
spectra to carry the accuracy of the calculations further and retain 
still higher powers of a2. Sommerfeld does this and arrives at the 
following formula for the separation in wave-numbers of the L doublet 


ax 5 ae ait 
AV (r+ 34 Be) ay 
where, as before, a2 = 5-3 x 1O=5 4 == EF /eSand N= N.. 

This result means that the separation of the L doublet is fully 
determined and rationally expressed by a?, N.., and x. As regards 
the last, it would seem at first sight that we should make x equal to 
the atomic number, that is to say, # = Z. On the other hand, the 
orbits of the two electrons in the K shell lie between the nucleus and 
the L orbits, and these must screen off the true nuclear charge. In 
addition, when the L shell is completely filled, its electrons must also 
screen off the nuclear charge. The result is that the true nuclear charge 
cannot be effective, but must be reduced by an amount which is 
dependent on this screening. We therefore have an effective charge 
which can be expressed by 
x=Z—s, 


and hence the name of screening constant is given to the terms. It is 
not possible to calculate the value of s from theory, and we can only 
arrive at it from observation. It may be pointed out, however, that 
in the simplest possible case, namely, Li I., where there is only one 
L electron screened by two K electrons, the value of s will be 2. This 
is important in view of Millikan and Bowen’s work. 

In order to obtain a general idea as to the value of s in X-ray 
spectra we may take the first term only of equation (1) and put 


M4y=—7(Z—s*# 2...) 


Na? 
34 
This represents to a first approximation the theoretical value of Av, 
deduced from hydrogen, or rather semi-theoretical value, since the 
parameter s has been introduced. This formula may be compared 
with the empirical formula derived above 


1 Atombau und Spectrallinien, 4th Edition, p. 442 e¢ seg. Vieweg, Braun- 
schweig, 1924. 
Ne fe 
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and as can be seen the two agree not only in their general form but also 
in their numerical value. 

We have already seen, on p. 249, that the separation of the hydrogen 
doublet is given by 


and we may therefore write (2) in the form 
Av,, = Avy(Z — s)4 = 0-365(Z — s)*. 


It may thus be seen that the L doublet is a gigantic magnification of 
the hydrogen doublet. For this reason these doublets are often called 
relativity or regular doublets, in order to differentiate from another 
set of doublets which will presently be considered. 

The relativity formula not only is valid for the L doublets but also 
for the M and N doublets. If we use the Bohr nomenclature for the 
various orbits the values given by Sommerfeld for the separations are 
as follows :— 


Av ie, o2x4 3 279 azn 13059 atx4 
My My N 3! € 32° 32 + 256° 38 wae 
whence Av = 0-108(Z — s)*; 
Avi de 70 25 a? Be Gate 
M,,My N sae 34 GC { 32 . 32 | 256° 34 ca ) 
whence Av = 0:0360(Z — s)*; 
Av atx ax? 809 atxt 
Ni Nur N 4! (2 + 20 2 oe os 
whence Ap == 0:0456(Z — s)4; 
Ay _abxt(2_, 56 ax? | 5003 atx! 
NAN = pe ’ 
Vy. N 44 G | Py 4? + 972 ° 4! | <a ) 
whence Av = 0:0152(Z — s)4; 
Av. erat 0 23 OOO aa i 
N = me Oo Cas 9 a” 
(sec er care ot ) 


whence Av = 0:0076(Z — s)4. 


_ The values of Av are those given by the first term in each expres- 
sion. It must, of course, be noted that the value of the screening 
constant is different for the L, M, and N shells, and, indeed, different 
for the different M and N doublets. Thus for the two M doublets 
s = 8-3 and 13, respectively, and for the three N doublets s = 17, 25 
and 34, respectively. This growth of the screening constant is satis- 
factory in that it points to an increase in the number of electrons 
interposed. As Sommerfeld says, this must not tempt us to believe 
that we can approach the question of screening, and indeed, of the 
constitution of the shells by means of elementary notions of atomic 
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models. In the first place, the marked differences in the screening 
constants within the same shell are inexplicable by means of the 
model. Still more important is the fact that if we wished to apply 
the values of s, experimentally determined, to the calculation of the 
terms themselves, we would arrive at an entirely inadequate agree- 
ment with experiment. It is quite true that the terms on the whole 
follow the Moseley relation, that is to say, relativity corrections apart, 
they show a quadratic relation with the atomic number, but a new 
value of the screening constant must be used, different from that in 
the corresponding doublet. 
The wave-number value of a level 2; given by Sommerfeld is 


y= Nel eri ) + ie | 


n Ve NODA 


and in order to take into account the foregoing he introduces into 
the first term a screening constant o which differs from that in the 
term giving the relativity correction. We thus have 


ORO RO | eS 
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In order to obtain the foregoing values of 4v/N for the relativity 
doublets by the difference of the two terms it is only necessary to 
give the constant o and the constant s the same value for the two 
terms of a relativity doublet. 

We have now to consider the irregular doublets which in the case 
of the L series are due to the fact that there are three L levels, namely, 
L,, Ly, and L,,;, these doublets being due to the difference L, Ly. 
These irregular L doublets obey a law which was first enunciated by 
Hertz.1 This law expressed graphically states that if, following Mose- 
ley, Vv is plotted against the atomic number Z, the graphs for L, 
and L,, run parallel to one another, whilst the graphs for L,, and 
L,,,; diverge more and more from each other in accordance with the 
law for regular or relativity doublets. This means that Vv, = i, 
is a constant. It was shown by Wentzel? that the same is true for 
the irregular doublets of the M and N series. If we express the wave- 
number v of the individual limit approximately by the Moseley 
formula we have 8 


Es 
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where m is the total quantum number and @ is the screening constant 
which now comes into play. Just as the constant s in the case of 
the relativity doublets has two different values for the two levels 


1 Zeitsch. fiir Phys., 3) 19 (1920). 2 Tbid., 6, 84 (1921). 
3 Sommerfeld, /oc. czt., p. 456. 
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concerned, so we assume that the same is true for the constant o. 
Then, if these two values be o, and oa, we have 


Vv 4—% Ao 
Ay? 1 Ia, 


remembering that 7 has the same value for two levels in the same shell. 
It follows, therefore, that 


Ap de a (Z— at), 


NOT 
The difference between irregular and regular doublets can be ex- 
pressed in the following way. In the irregular doublets the separation 
increases linearly with the atomic number, whilst in the regular 
doublets it increases with the fourth power. Strictly speaking, the 
values of 4/v, — 4/v,, are not constant, owing to the influence of 
relativity terms which have not been taken into consideration. A 
more accurate statement of the Hertz law is that in the regular doub- 
lets the values of o, — oy are exactly constant, those of 4/v being 
only approximately so. 

The Spectra of Stripped Atoms.—We may now discuss the results 
obtained by Millikan and Bowen, and commence with the stage which 
was reached in 1921,! the complete measurements being published in 
1924.7 In this work, since the main object was identification of as 
many new lines as possible,? resolution was sacrificed to intensity, 
but, as will presently be seen, higher resolving power was subsequently 
employed. The key to the identification of the lines in the very short 
wave region was found in the discovery that in the region between 
A = 1000 A. and 330 A. chemically pure magnesium and aluminium 
give spectra which are practically identical, whereas above A = 1300 
the lines are quite different and belong to the spectra of these two 
metals. The spectrum below A = 1000 is the nearly pure spectrum 
of the oxygen atom, and this identification was checked by the fact 
that the spectrum appears practically complete with all oxidisable 
electrodes, becoming less intense as the electrodes become less and 
less oxidisable, and disappearing entirely with silver. The oxygen 
spectrum being known, and there being practically no aluminium lines 
between A = 1300 and A == 230, the spectrum of carbon was obtained 
in that region by eliminating from the observed carbon spectrum the 
oxygen and aluminium lines, since these were the only probable im- 
purities. By the extension of this method the lines of the other 
elements examined were recognised. 

In the case of lithium no lines were observed between A= 1700 
and A == 370. This is a striking proof that great gaps exist between 
the K and L series in optical spectra as well as in X-ray spectra, 

Proc. Nat. Acad. Sci., 7, 289 (1921). 


* The excitation of these lines by means of } 
chap, vili., p. 273. 


* Phys, Rev., 23, 1 (1924). 
not sparks was described in vol. i., 
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The K, line of lithium should occur at A = 240, but it was not ob- 
served at that time owing to the best gratings not being available. 
The valency electron of lithium is in an L ring with the result that 
the ordinary spectra of this element form the L series. If the brightest 


line be denoted by La, then the red line at A = 6708 is the L, line of 
lithium, 


Fic. 26. 


In Fis. 26 are shown the relations between the atomic numbers 

and the values ot VN for the L, lines of the lighter elements investi- 
I 

gated by Millikan and Bowen. The only value not directly observed 

is that of neon, which was calculated from the resonance potential of 

this gas. The K, values have been inserted from the work of others. 

The spectrum due to the two L electrons of beryllium begins on 
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the short wave side at A= 2175 and reaches its maximum at the 
doublet at A = 3131-2 and 3130-2. This, then, may be taken as the 
L, doublet, and is inserted in Fig. 26, together with the 6708 line of 
lithium. ; 

The spectrum due to the three L electrons of boron begins at 
A = 676°8, and the strongest doublet, La, is. that at A = 2497-8 and 
2496-9. Since the K, line is at A = 67-2, the ratio of the L, to the 
K, frequency is about 37. 

The spectrum of carbon was obtained by the use of gas carbon 
electrodes which showed as their chief impurities oxygen, nitrogen, 
silicon, hydrogen, and aluminium, whilst traces of sodium, boron, and 
calcium also appeared. There are very many lines shown by carbon 
between A = 1833 and A = 360-5. Those due to the four L electrons 
begin at A = 360-5 and reach their maximum intensity at A == 1335-0. 
This, therefore, is taken as the L, line, and, since the K, line is at 

= 44-4, the ratio of K, to L, frequency in carbon is about 30. 

The chief characteristics of the nitrogen spectrum were predicted 
before they were experimentally observed. On the one hand, there is 
the carbon L spectrum commencing at A = 360 and reaching its maxi- 
mum intensity at the L, line A= 1335. On the other hand, the 
oxygen spectrum begins at A = 140 and reaches an unmistakable maxt- 
mum at A = 834, the L, line. A general progression of spectra with 
atomic number towards higher and higher frequencies is unmistakable, 
but no nitrogen lines were known except those at A = 1494:8 and 1492°8 
observed by Lyman. It was clear that the L, line of nitrogen must 
lie between A = 1335 and A= 894, and on using ammonium nitrate 
fused into hollow aluminium electrodes a spectrum was obtained with 
a strong line at A= 1085-2. The only other strong lines observed 
were at A = QQI-I, 916-2, and 685-6, the Lyman pair being relatively 
faint. Since the K, line of nitrogen is at A = 31-2, the K,/L, ratio 
for nitrogen is 34:8. 

The spectrum of fluorine was observed by the use of sodium 
fluoride fused into hollow aluminium electrodes. Only two strong 
lines were observed at A = 656-4 and 607, and the former being the 
stronger, was taken as the L, line. 

The sodium spectrum obtained with electrodes of pure sodium as 
well as with sodium fluoride shows only one unmistakable line in the 
whole region studied (A = 2000 to A = 300), namely, one at A = 372°3. 
There is a second line of less intensity at X= 376-6. As can be seen 
from Table CXIL, on p. 241, the L shell of sodium is complete, the 
single valency electron being on an M level. This electron is in an 
energy level, the frequency value of which is represented by the limit 
of the principal series, Ym = 41449°0 in wave-numbers. When an 
electron is removed from the L shell of sodium the M electron jumps 
into its place, the radiation emitted being the L, line. By the 
Kossel relation given above on p. 257 the wave-number of the Ly 
line is given by 

v=L—M 
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where L and M represent the wave-number values of the L and M 
levels. Now the wave-number of the 372 line is 268640 and the value 
of M in wave-numbers we have seen is 41449, and we thus have 


L = 2608640 + 41449 
= = 310089. 


From this we find L/N = 2-8258 and WL/N = 1-6810. It is known 
from X-ray spectra that the L shell consists of three levels denoted 
by Bohras L,, L,,, and Ly,, and by Sommerfeld as Igg, Ly, and Ly, 
respectively. The values of VWv/N for the L,, and L,, levels of 
aluminium, magnesium, sodium, and neon are 2°28, 1-87, 1:49, and 
I-II, respectively,t and it is thus obvious that the observed line at 
A = 372°3 cannot correspond to the jump of the electron to either the 
L,, or the Lj, level. The only remaining possibility is the jump to 
the L, level, and in this way the value of this level is fixed 
at v/N = 2:8258. 

In the case of magnesium the spectrum only contains three lines 
of reasonable intensity at A = 323-2, 320-9, and 231-6, and the posi- 
tion of these lines indicates that they must belong to the L spectrum 
of magnesium. The M shell here contains two electrons, both moving 
in 3, orbits (see p. 241), and the only possible electron jumps are into 
the L,, Ly, and L,,, orbits. The last two should give the L doublet 
and the first should give a single line. We may first consider the 
transitions from the M, orbit to the L,, and L,, orbits. The wave- 
number value of the 3, level is the limit of the principal series of 
singlets of magnesium, namely, v = 61672-1._ From the Kossel rela- 
tion as applied to the two lines A = 323-2 (v = 309380) and A = 320-9 
(v = 311640) we obtain the values L,, = 373310 and Ly, = 371050. 
From these we have L,,/N = 3-4019, L,,,/N = 3°3813, WLy/N = 
18444, and »/L,,,/N = 1-8388. Calculating from the values of the 
K limit and of K., Bohr and Coster give the average level as 3-5, and 
Sommerfeld as 3:46. The values obtained by Millikan and Bowen 
are in as good agreement with those calculated from the K series data 
as could be expected. They are probably correct to about O-I per cent. 

Again, Sommerfeld ? shows as stated on p. 260 that the wave- 
number difference between the L,,; and L,,, levels is given by 


Av, = Av,(Z — s)* 


where Av,, is the separation of the hydrogen doublet due to the rela- 
tivity correction ? and is equal to 0-365 em.~1. As shown above on 
p. 258, the value of s for the L doublets is 3-5 for the elements of large 
atomic number. From the observed separation of the magnesium 


1The values for aluminium and magnesium were given by Bohr and Coster, 
Zettsch. fiir Phys., 12, 344 (1923), and that for neon is calculated from the ionisation 
potential 16-7 volts found by Horton and Davies, Proc. Roy. Soc., A, 98, 124 (1920). 
The value for sodium was obtained by interpolation. 

ELoce Cth pi Ads § See p. 249. 
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L doublet, vy = 2260 and with Z = 12 the value of s is found to be 
3-1, which is not widely different from 3-5. Owing to the interpene- 
tration of the electrons from the M, N, etc., shells in the case of 
elements of large atomic number Bohr concludes that s should be 
larger than in the case of elements of small atomic number. In other 
words, the value of s for elements near neon should be smaller than 
3°5, as it is now found to be. Indeed, from the L doublet of neon, as 
given by Grotrian,! and the Sommerfeld relation the value of s for 
this element is found to be 3:2. This affords a sure proof that the 
magnesium lines at A = 323-2 and 320-9 are, in fact, the L doublet of 
magnesium. 

There remains the sharply defined singlet line at A = 231-6 which, 
if Bohr’s general scheme were universally applicable, would be due 
to the transition from the 3 (2,) or the M,, level to the L, level. 
Bohr,? however, shows that this level does not exist, this lack being 
common to all elements giving the alkaline earth type of spectrum. 
The only M levels, not barred out by the selection principle, which 
are revealed by the optical series of lines in magnesium are those 
with wave-number values of v = 39801 and v = 26620-7. If one of 
the electrons of the normal atom of magnesium were in one of these 
levels, the first with its smaller potential energy would be the more 
probable, and the transition would be from the M,,, level to the L, 
level. Even if in the normal magnesium atom the two outer electrons 
are in 3, orbits as Bohr places them, yet an electron once displaced 
from the L, orbit would have to return to it through a 3, orbit and 
the most probable transition would be that involving the smallest 
permitted energy change. This would be the transition from the 
level with v = 39801 to the L, level. By the Kossel relation from 
A = 231-6, vy = 431800, the value of the L, level is found to be 471600, 
whence L,/N = 4:298 and +/L,/N = 2:073. 

In Fig. 27 are shown the linear relations between these values 
of L, for magnesium, together with those for sodium and neon 
(L, = 184680, L,/N = 1-683, »/L,/N = 1-297, calculated from the 
highest ionisation potential, 22-8 volts, of neon), and the atomic num- 
bers. The straight line gives an excellent indication that the L, 
values are correct. 

In the spectrum of aluminium below A = 1870 all the strongest 
lines belong to the spectrum of Al III., where the atom is stripped of 
all its valency electrons. It was at first believed that a pair of weak 
lines at A = 144-3 and 136-6 were the L doublet, but for theoretical 
reasons it was afterwards concluded that they are due to oxygen, 
In the normal aluminium atom the three outer or M electrons are in 
the 3, and 3, levels, and consequently when an L electron is displaced 
it is to be expected that it will be most frequently replaced from the 
3, Or 32 level. No 3, level has, however, been observed spectro- 
scopically in normal aluminium, so that the transition to be expected 


* Lettsch. fiir Phys., 8, 116 (1921). * Ann. der Phys., 71, 281 (1923). 
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is from the observed 3, level (v = 48168) to the L, or the Ly, Ly, 
levels, the latter being too close to be resolved in the present work. 
If this is so, it will at once be possible to calculate the wave-number 
values of the L levels when the lines due to these transitions are 
recognised. ‘Taking the two observed lines at A = 200-0, v = 499950, 
and A = 162-4, v = 615839, it is found from the Kossel relation that 
L, = 664000 and L,,L,,, = 548200. 

Again, Paschen located the 3), 39, and 3, levels in the Al III. spec- 
trum at v = 229450, 175600, and 113500, and since we know that 
Al III. lines are present in the extreme ultra-violet spectrum as 
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observed by Millikan and Bowen, it may be expected that transitions 
will occur from these levels to the L, and L,, Ly, levels. In the 
case of sodium the only transition detected was that from the 3, level 
to the L, level, and so it may be assumed that this is also the most 
probable transition in the case of aluminium. In this way the value 
of L, in aluminium is found from a line at A = 2308, v = 433332, to 
be L, = 662800. This value differs from the above value of 664000 
by an amount which is well within the observational error. 

There is another observed 3, level, vy = 15845, in the Al I. spec- 
trum, and the only transition permitted by the selection principle is 
from this to the L,,, level. Assuming that this transition takes 
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place and gives rise to the line at A = 186-9, v = 534988, we find that 
Ly: = 550800. The agreement with the previous value of 548200 is 
not so good as that for the L, level, but an error of 0-4 A. in the wave- 
length measurement would account for the difference. The means 
of the two values are L, = 663400, L,,Ly, = 549500. 

An independent check on these values can be obtained in the 
following way. We have L,/N = 6-045, VL,/N = 2-450, Lyliy/N = 
5-008, VLy,Ly,/N = 2:238. The straight line in Fig. 27 shows that 
the L, value lies in exactly the correct place as indicated by those 
for neon, sodium, and magnesium. The L,,L,, value is, on the 
other hand, a little greater than that given by the straight line, 
and this raises a question as to the correctness of the value found 
for aluminium. Millikan and Bowen, however, point out that the 
four lines at A = 230°8, 200-0, 186-9, and 162-4, are the only ones 
out of the seven lines observed in this region which seem to be due 
to any possible transitions, even though Paschen’s values of the 
Al IT. levels have been tried. 

The next element which may be considered is calcium, which shows 
a few strong lines and a considerable number of faint ones between 
A = 13036 and A= 312-9. Millikan and Bowen were able to fit 
some of the former into the Bohr theory in the same way as was 
used in the case of magnesium. As may be seen from Table CXIL., 
on p. 241, calcium has eight electrons in the M shell and two in N 
orbits, and we are therefore concerned with the M doublets. The 
separation of the M,,M,,, doublet is given by Sommerfeld as 


Ay = 0-108(Z — s)4. 


Assuming that the strong pair at A = 669:6, v = 149350, andA = 655-9, 
v = 152460 is the M,,M,,, doublet of calcium, then, since Av = 3110, 
we find that s = 7. The value calculated by Sommerfeld is s — 8-3, 
but the M shell of calcium is not complete and consequently a value 
smaller than 8-3 is to be expected. For that reason the value found 
is sufficiently close to that calculated to justify the conclusion that 
the doublet is, in fact, the M,,M,,, doublet of calcium. 

It is now possible to calculate the wave-number values of the 
M,, and M,,, levels from the known value of the N, level, which is 
the limit of the principal series of calcium singlets, vy = 49305. The 
values obtained are 


My, = 201770, M,,/N = 1-8387, W/M,,/N = 1-3560, 

My = 198660, M,,,/N = 1-8104, V/M,,,/N = 1-3455. 
In a later paper Bowen and Millikan? discuss the series spectrum 
of the B. III. atom, which is a stripped atom in the sense that its 
spectrum is hydrogen-like, being due to one single electron moving 


between the series of levels characteristic of a simple nucleus-electron 
system. For such a system the Bohr theory in its elementary form 


* Proc. Nat. Acad. Scz., 10, 199 (1924). 
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for circular orbits led to the result that the constant term in the 
Rydberg formula increased in the ratio N, 4N, 9N, 160N. As has 
already been shown in this chapter this simple relation holds good 
in the cases of Na I., Mg II., and Al III. This is shown by the wave- 
number values of the 4, circular orbits or fundamental orbits which 
are as follows :— 


Theory. Na I. Mg Il. UL epee: 
0858°44 6860°4 6806°8 6871-28 
When, however, the orbit is highly elliptical this simple relation 
does not hold, as is evidenced by the following term values for the 
3) Orbits — 
Theory. Na I. Mg II. Al IIL. 
12192°78 41449:00 30310-9 25494-89 
It should be possible in the case of the stripped boron or B III. atom 


to predict with the greatest accuracy the lines due to the transitions 
between the circular orbits of the larger radi. Thus the jump from 


the 5, to the 4, orbit (4f — 5g) should give a line with wave-number 
= ONy( a =) SO) 3X 109732( ae: .) =I 
4 5 ey 
or A= 4500-3. 


I H 


In their work on the extreme ultra-violet spectrum of boron 
Bowen and Millikan also photographed the visible spectrum and found 
a new line at A = 4499-0, which is exactly in the place predicted to 
within I part in 3000. 

The next transition to be considered is that between the 44 and 3, 
orbits (3d — 4f) and the wave-number should be given by the above 
formula when the values 5 and 4 are respectively substituted by 4 and 
3. This gives A = 2083. The divergence from the elementary theory, 
however, becomes greater the smaller are the orbits, presumably 
owing to the increased action of the electrons in the K shell. A 
better method of the calculation of the wave-length of the line is to 
divide that of the corresponding lithium line, A = 18697, by 9. This 
gives X= 207774. The observed wave-length of the B III. line was 
2077-79, which agrees with the calculated value to within I in 5000. 

The next transition is from the 33 orbit to the 2, orbit (2p — 3d), 
but in the alkali type of spectra the 2, level is double and we have 
2p, — 3d and 2p, — 3d, so that a narrow doublet is to be expected. 
The corresponding lithium line is A= 6103, and this on division by 9 
gives AX = 678, which is within about one Angstrém of the strong 
B III. line, A= 676:8, published in the previous paper. It is now 
found under higher resolving power to be a doublet with A == 677-16 
and 677-01, with Av = 32°7. 

There should, of course, also be a doublet with the same separation 
due to the transition from the 3, orbit to the p, and fg, levels, which 
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would give the first pair of the sharp series. There is only one other 
doublet below A = 2000, namely, that at A = 758-68, v = 131807-9, 
and A = 758-47, v = 1318444, with a separation of Jv = 36:5. 

There only remains one other transition, namely, that which gives 
the first doublet of the principal series, and Bowen and Millikan 
identify this in the lines A = 2067-88, v = 48358-7, and A = 2066-41, 
v = 48393:1, with dv = 34-4. This exhausts all the B III. lines 
which can be expected to appear in any strength, and all of them have 
been found where they should be and with the right separation. 

We may now return to the L and M doublets, which were discussed 
in a preliminary way above. 

Now, Millikan and Bowen have proved that the laws of the regular 
and irregular doublets, established from X-ray observations, are also 
valid in the optical region! For example, if the regular L doublets 
of the one-electron-systems, Li I, Be IL, B IIL, C IV., N Vee 
considered and the relativity formula be used to obtain the values 
of the screening constant, the values shown in Table CXV. are obtained. 


ABER OXxcve 
2p2 — 2p. = 3h2 — 3P1- 
Av, | Yavjorg63. | s | A» |Sarforo8) s. 
Lit. ‘ 0°338 0-981 2019 = = —- 
Bes liaee 6:61 2:063 1'937 — — =— 
Salli 34°4 3116 1-884 — == = 
(CaN, : 107°4 4°142 1°858 31°4 4°128 1°872 
N V. : 259°1 5°162 1-838 — = 2 


If the two electrons in the K shell acted exactly as if they were 
in the nucleus itself, the value of s should of course be 2 in each 
case. The regular progression as Z increases is to be expected from 
the necessary diminution in the perfectness of the screening of the 
nucleus by the two K electrons as the ratio of the distance from the 
nucleus to the outer L electron to the distance from the nucleus to 
the K electrons decreases. The application of the M doublet formula 
to the separation 31-4 of the carbon doublet at \ = 5812 and 5801, 
which Fowler attributed to C IV., gives almost the same value of s 
as does the L doublet. 

The N V. doublet, the first term of the principal series of the 
stripped nitrogen atom, was expected to lie at \ = 1240. On examina- 
tion of the second order grating spectrum a doublet was found at 
A = 2480, which gave the values of Av and s, as shown in Table CXV, 

The next systems giving doublets are the three-electron-systems 
BL, GIL ON I, and°O IV," he ieaeies system of B I. has 


* Bowen and Millikan, Phys, Rev., 24, 209 (1924). 
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already been recognised, and the pair at A = 2497 has the separation 
Av = 15:3. Two new doublets at A = 2089 and 1826 measured by 
Bowen and Millikan} have Jv = 15-8 and 16-2, respectively. The 
weighted mean of these three values is 15:15, and on applying the 
L relativity formula the results shown in the first row of Table CXVI. 
are obtained. The value s = 2:45 compared with s = 1-88 for B IIL. 
is to be expected, since the two additional electrons in B I. must 
exert mutual repulsions and hence decrease the effective nuclear 
charge. Indeed, the difference gives the first direct measurement of 
the influence which the additional electrons exert upon the effective 
nuclear charge. 


TABLE CXVI. 


2p, — 2p 3h2 — 3P- 
Ap. 4/Av]0°365. 5. Av. |4/Ayjor108.| + 
BI. . P55 2°555 2°445 = = — 
© Ih; ; 66:76 3°678 2'322 10°8 3161 | 2°839 
NWI. «| 1793 4°708 A202 300A A273 Se ee 
O IV. - | 3984 5°748 2252 — | = a 


The C II. separation is that shown by the doublet at A = 1335 and, 
though Fowler does not include this amongst C II. lines, it must 
belong either to C Il. or C IV., and its separation does not agree 
with its allocation to C IV. The same separation is shown by the 
carbon doublet at A = 1036, and this is also assigned to C II. More- 
over, the value of s found, 2-322, is exactly that to be expected from 
the progression shown in Table CXV, 

The extreme ultra-violet spectrum of nitrogen under high resolv- 
ing power shows only three doublets, namely, one at A= 991 with 
Av = 1793, and the others at A= 1744 and 1493 with dv = 85:3. 
The first gives the results shown in Table CXVL, whilst the two 
latter fit the results given in Table CXNVII., and consequently must 
belong to N J. These results show the extreme value of this method 
of recognising the atomic origin of given spectrum lines. 

The oxygen spectrum ? only shows one strong doublet at A = 790-22 
and 787-74, which also falls in about the right position as given for 
an Q IV. doublet by the progression in s. This gives the value of s 
shown in the table. A weak oxygen doublet at A = 658-4 and 656-7 
shows the same separation, and, therefore, belongs to O IV. The 


1 Proc. Nat. Acad. Sct., 10, 199 (1924). 
2 Bowen and Millikan, PAz/. AZag., 48, 259 (1924). 
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application of the M relativity formula to the doublet separation of 
10°8 for C II. and of 36-04 for N III., determined by Fowler, gives 
the results shown in the right-hand side of Table CXVI. As can be 
seen the values of s from the M doublets are materially greater than 
those from the L doublets, whereas in the one-electron-systems the 
M and L values were nearly identical. Bowen and Millikan point 
out that this finds a very beautiful interpretation in terms of the 
shapes of the orbits in the Bohr-Sommerfeld theory. In C IL, for 
example, the M orbit is an ellipse which carries its electron far beyond 
the L orbits in which the other two valency electrons are found. The 
result is that in the outer portion of its orbit the M electron is effec- 
tively screened by these two L electrons. This increases s to beyond 
its value when all three electrons are in L orbits and each of them is 
never more than partially screened by the other two. In the case of 
C IV., whether the single electron is in the L or M orbit, it is always 
far outside the region of the K electrons, and hence is almost com- 
pletely screened in either case. 

As regards five-electron-systems, e.g. N I. and O IL, the N I. 
doublet has already been mentioned. The relativity formula gives 
Ss = 3-090, as shown in Table CXVII. 


TABLE CXVII. 


2px — 2p). 
Ay. \/Ay/0-365. Se 
INE ls : 85-3 3910 37090 
ORL : 240°0 5°064 2°936 


The O II. doublet giving the separation 240:0 is a weak one at 
A = 923:1 and 921-1, and is not strong enough for examination under 
high resolving power. The value of s, therefore, is somewhat un- 
certain. 

The value of s fits well into the progression of this quantity 
already mentioned. Since in general the value of s is high with 
small values of the effective nuclear charge and decreases towards 
a limit as this increases, this limit may be put at 2-8 for five-electron- 
systems, as compared with 2-2 and 1-8 for the three- and one-electron- 
systems respectively. 

_ As was stated above, in the case of the cight-electron-system con- 
stituting the L shell, s= 3-1 for the L doublet of magnesium and 
3°2 for the same doublet in neon. All the values of s now recorded 
are consistent with one another and with the fact that in atoms of 
high atomic number with a whole group of shells completely filled 
with electrons the value of s found from X-ray observations is ope 


. 
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lhe success attending the applicability of the relativity formula 
to the regular L doublets in the optical region is so marked that it 
becomes of great interest to see if the irregular doublets in the 
optical region obey the law found in the case of the Réntgen region. 
In the optical region the LyLy, levels correspond to the 25, 2p, 
levels, and the only level for the L, level to correspond to is the 2s 
level, 7.e. for the irregular doublet Av = 2s — 2). In Table CXVIII. 
are given the values of Av for the irregular L doublets for one-electron- 
systems, and in the last column the values of Vv, — NV which, 
according to the Hertz law, should be approximately constant. 
There can be no doubt from these results that the laws of both regular 
and irregular doublets, first discovered in the field of X-rays, are 
equally applicable to the optical region. 


TABLE CXVIII. 


25 — 2po. 
(aes [ht owt 
: Diff. Ip. —N 
Ay 3 IN vs NVp- 
: | 
eigen 3 149038 | 39°470 
17023'8 
Be II. : 31927°6 44°297 
| 164311 
B Ill. - | 48358-7 45°594 
| 16122°5 
Gale : 644812 | | 46-068 
15973°9 | 
N V. . 80455°1 | 46°276 


In Table CXIX. are given the doublet separations and the values 
of the screening constant calculated from the relevant relativity 
formula. The separations of the 3p terms for Na I, Mg IL, Al IIL, 
and Si IV. are known from the work of Fowler, Paschen, and others, 
whilst that for P V. was determined by Millikan and Bowen. From 
the systematic progression in the values of s it is possible to calculate 
its value for S VI. Further, the wave-numbers of this S VI. doublet 
can be calculated from the irregular doublet separation which, as was 
seen in Table CXVIIL, is the observed wave-number. Since the 
linear progression at this point indicates the addition of about 17200, 
the wave-number of the 3s — 3, line for S VI. should be about 
88670 + 17200 = 105870, where, as may be seen from Table CXX., 
88670 is the irregular doublet separation for PV. Millikan and Bowen 
in their first investigation found a line at A= 945-0, v = 105826, 
which is extremely close to the calculated value, and another line at 
A = 933°7, v= 107105, the difference Av = 1279 being again very 
near the calculated value. These numbers show that this doublet 
with great certainty can be assigned to S VI. and also that this method 


VOL. IIL. 18 


274 


SPECTROSCOPY 


of predicting the separation and location of a doublet arising from a 
given type of ionisation 1s free from ambiguity. 


TABLE CXIX. 


3p2 — 3P1- 4p2— 4/1. 
Ap. s/ Av/o 108. 5. Av. — |/Av/0-0456. & 
Na I 17°18 3°550 7°450 5°49 37312 7°688 
Mg Il 91°55 5°394 6-606 30°5 5-085 6915 
Al III 238 6°849 6-151 80:13 6°474 6°526 
Si bVe 460 8-076 5924 162:06 7-720 6:280 
PV. 795 9°260 5°740 = = ae 
S) Wie 1279 10°428 57572 — — — 
5P2 — 5A1- 6h, — 6f,. 
Ap. \/ Av/0-0234. Ss Ay. \/ Av/o-o1 85. & 
Nal. . 2°49 3°213 7°787 1°50 3°246 7°754 
Mg Il. . 14:07 4°954 7046 76 4°869 77138 
Al JUL, 30°15 6°398 6:602 oe — ~- 
si IV. 75 7-528 6:472 4I 7-421 6°579 
342 — 3a). 42, — 4d. 
Ap. | \/Av/0-036.| ss. Av. Vavjo-ors2, ss 
Wee Ile 6 0°99 2:289 9-711 — — — 
Al III. . 2:28 2°820 10:180 1:28 3:029 | 9:071 
4fo— 4h 
Ay. \Ay/0:0076. cs 
2M NUL, 0°38 2°659 | 10°341 
Si IV. 1:26 3°588 10°412 


The values of s for the 4p terms are calculated from the relativity ~ 
formula for the NiNyy levels, and the closeness of these to those 
for the 3p terms affords further evidence of the general correctness of 
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the relativity formula. Still further evidence is gained from the 


values for the 5p and 6p levels. 
The data for the two irregular M doublets are given in Table CXX. 


TABLE CXxX. 


35 — 2po. 3h1 — 342. 
Ay. Diy og eiva| Ay Diff. — |n/vg— nv. 

Na I. : 16956:2 47°089 12199°5 45°649 
18713°2 | 23529°9 | 

Mg II. .| 35669-4 557666 35729°4 69°307 
18010°4 26307°8 

AIUD Tee, 53079°8 | 59°759 620372 | 82-074 

: 17600:2 26585°8 

Si IV. : 71280 62°277 88623 89°382 
17390 25345 

12 We é 88670 O4°115 113968 | 93077 
17156 | 

S VI. . | 105826 657522 


Since, in Table CXIX. we are dealing with a single electron in an 
orbit of higher quantum number than those of the K and L shells, 
and since these are completely filled with two and eight electrons re- 
spectively, it follows that the screening constant s must be 10 when 
the single electron is in an orbit which is completely outside the L 
shell. This last condition is satisfied by the 3d, 4d, and 4f terms, 
since these are hydrogen-like, and as can be seen, the value of s for 
these terms is equal to 10 within the limits of measurement of Av. 

Again, the fact that the values of s for the 3p terms are less than 
10 may be taken as being due to the interpenetration by the 3/ elec- 
trons into the inner portion of the atom where the screening from the 
nucleus by the ten K and L electrons is very imperfect. Also the 
progression in s from 7:45 to 5°57 is to be explained by the decrease 
in the screening as the single electron becomes closer and closer to 
the nucleus in comparison with the distance from the nucleus of the 
L shell of electrons. 

The remarkable success of the relativity formula is most strikingly 
shown when it is applied to triplets. Thus the separation of the 
wider components of the 2p triplet of Be I. is given by Paschen as 
2:34 A. From this it is found that s= 2-409. The value of s for 
Be II. was given above as 1-937, and, since Be IL. has only one electron 
in the L shell and Be I. has two, it will be recognised that not only 
does the relativity fourth power !aw hold, but also that the value 
2:41 is about right. Again, the application of the M doublet rela- 
tivity formula to the separation dv = 13 of the 3p triplet of C II. 
(Fowler) gives s = 2-69, which is consistent with s = 2-539 for C II. 

18° 
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given above, seeing that the latter has one more electron than the 
former. 

In Table CXXI. are given the data of the L triplets of CL, N IL, 
and O III., and here, since we now have a four-electron system, the 
values of s should be greater than in the case of the three-electron 
systems, as, indeed, they are found to be. 


TABLE CXXI. 


2h, — 2p. 
Av. \/ Av/0-365. Se 
(SiG 3 27°8 2°95 3°05 
N Il, . 82:1 3873 3127 
OVINE og 199'7 4:836 37164 


In Table CX XII. are given the values of s calculated by the M and N 
relativity formule from the wider pair of the triplets of Mg [., Al IL., 
Si ll -and. Poive 


TABLE CXXII. 


3p2— 3A1- 422 — 4/1. 
Ay. /Ay/o- 108. Se Ar. A Av/0-0456. ce 
| = 
Mg I. . 409 | 4410 7°590 41 3°079 8-921 
ASI , WAS 9) Sa 7°163 29°18 5:029 7-971 
Si III. ; 257 6-982 7018 — — — 
12 3 439 7-982 7-018 — =~ — 


The results of the foregoing point very definitely to the fact that, 
provided the orbits from which the values of Av are obtained lie far 
outside the screening electrons, the values of s of 2 for L orbits, 10 
for M orbits, ete., are given by the fourth-power relativity formula. 
Under the same proviso the same results are given by the simple 
Moseley-Bohr formula—4 

v= ne == Sia 


as shown by Table CX XIII. 


* Millikan and Bowen, Phys. Rev., 24, 223 (1924). 
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TABLE CXXIII. 


2p. 34}. 4h. 
Vv. J. Vv. 5. Vv. Ss. 
Cg ae 28582°5 1:979287 12203'I 1°999586 68561  2:000180 
Bele 257545 1*936062 | 109870 1998183 61742 | 1°999637 
Nae doe 24475°65 | 9°583189 12276718 | 9:996595 6860:37 | 9:999868 
Mg IL. | 85506-44 | 9°351841 | 497760 | 9°979519 | 27467-4 | 9°998792 
Al III. | 17553611 | 9:205732 | 113496:68 | 9:949042 61841°56 | 9°997219 
Sl Lys 292377 9°103155 | 203705 9'912615 | 109923 9°996612 


The remarkable success of the two formule in giving in the optical 
field the known values of s is very significant and establishes the 
validity of the theoretical conceptions which underlie both. It may 
be pointed out that when the radiating orbits approach too close to 
the screening electrons it is not to be expected that the same average 
value of s will be obtained from the former involving (Z — s)* as in 
the latter which contains the term (Z — s)?. 

Millikan and Bowen point out that the foregoing results lead to 
very elegant simplifications in the rules which define spectroscopic 
behaviour. They require, in the first place, an extension of a well- 
established optical rule into the X-ray field in definitely identifying 
the L,, M,, N,, X-ray levels with the s-terms of optical series, also 
Liar Lan, Miz My, ete:, levels with p, p, terms, and the M,, M,, etc., 
levels with d, d, terms, and so on. This was suggested by de Broglie 
and Dauvillier,! and by Landé.” 

In the second place, the results extend the laws of the regular and 
irregular doublets from the X-ray field so as to cover the whole field 
of optics. The irregular doublet law states that the frequency differ- 
ence between the L, and L,, terms increases linearly with the atomic 
number for similar structures; it has already been shown above that 
this is the case for the difference between the s and p, terms. The 
relativity doublet law states that the fourth root of the separations 
of the L,, and L,,,; terms progresses linearly with the atomic number 
for similar structures. This progression in the separations in the Pp, 
d, and f terms has been shown in the foregoing tables. 

In the third place, they show that the same selection principles 
must apply to the azimuthal and inner quantum numbers in the two 
fields. 

Millikan and Bowen, however, point out that a very serious diffh- 
culty arises in connection with this identification of the Ly Lyy 
orbits with the p, p, orbits. It is generally agreed that the Ly, Lyry 
orbits are 2, 2, orbits, respectively, and this must be the case if they 

Comptes Rend., 1'75, 722 (1922). 
* Zettsch. fiir Phys., 16, 391 (1923). 
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really constitute a relativity doublet. On the other hand, if it be 
accepted that the py p, orbits are 2, 2, orbits and not both 2, orbits 
with their difference in frequency due to a change in their inner quan- 
tum numbers, the validity of the Bohr conception of the interpene- 
tration of orbits is entirely overthrown. In addition to this we find 
the following three specific difficulties :— 

1. The fp, p; orbits, in spite of their widely different shapes, actu- 
ally possess the same screening constant, their frequencies being so 
near together that no appreciable difference in the value of the 
screening constant can be found. : 

2. If the p, p, orbits are 2, 2, orbits, the s or L, orbit must also 
have the form 2,, the difference between it and p, being due to an 
inner quantum number. That being so the values for the screening 
constant for the s and p terms should be very nearly the same, but in 
fact, since the s term has a much greater frequency than p,, the value 
of the screening constant as determined by the Moseley-Bohr equa- 
tion is much smaller than that of p,. 

To avoid these two difficulties it is necessary to make the very 
unnatural assumption that the inner quantum number, 7.e. the orienta- 
tion of the orbit with respect to the atom body, has a much more 
powerful effect upon the screening constant s than has the wide 
difference of the shape of the orbit represented by the difference 
between 2, and 2. In a word, the behaviour of the s, p, d, f, etc., 
terms speaks for the retention of the assignment of the azimuthal 
quantum numbers I, 2, 3, 4, etc., to these terms, respectively. 

3. In the spectra of Be I., B IL, C IIL, etc., as in the case of all 
the alkaline earth metals there are three p orbits designated as Pr 
Po, Ps, Whilst, since such orbits have a total quantum number of 2, 
the relativity theory permits but two different shapes, i.e. but one 
relativity doublet. In this case the additional p level must in any 
case be assigned to a change in an inner quantum number instead of to 
a change in an azimuthal quantum number. If such a change in orien- 
tation is responsible for the difference between p, and py, it is at least 
natural to assume that the difference in energy between p, and p, 1s 
also due to such a change in orientation. In other words, the existence 
of these three levels is a strong argument in favour of explaining all 
of these fine-structure differences by differences in orientation and 
leaving the differences in the shapes of orbits to explain the large 
differences between the s and p terms. This is one of the strongest 
arguments for the usual assignment of azimuthal and inner quantum 
numbers in the optical region. | 

The only way in which it appears to be possible to avoid the fore- 
going serious difficulties is to throw overboard altogether the rela- 
tivity explanation of the regular doublet and to assume that the 
amazing success of the relativity formula in predicting the correct 
numerical values of the screening constant is not due to differences 
in the shapes of elliptical and circular orbits, as postulated by the 
relativity theory of doublet separations, but that there is some other 
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cause which by mere chance leads exactly to this relativity formula 
without actually necessitating relativity conceptions. 

In view of the fact, however, that this relativity formula was 
deduced from purely theoretical considerations involving no arbitrary 
constants whatever and that it nevertheless predicts quantitatively 
not only the whole fine line structure of the spectra of H and Het, 
which are definitely known to be simple nucleus-electron systems, but 
also the correct screening constants 2 and 10 as shown above, it is 
almost unbelievable that the fundamental conception underlying the 
development of the formula has no basis whatever in reality. 

Again, if we discard the relativity explanation of the py p, terms 
and of the L,, L,,,; terms, making these two orbits of like shape and 
letting them differ only in inner quantum number and consequently 
assigning different shapes (different azimuthal numbers) to the s and 
p, terms, there must still be a relativity effect separating the values 
of the s and p terms, since the first is elliptical and the second circular. 
When, now, atomic numbers are high, this necessitates a relativity 
separation between the s and p, (L, and L,,) terms which is much 
larger than the observed separation. Indeed, for higher atomic 
numbers L,,L,,;, are actually separated four or five times as much as 
are L,L,,, so that it becomes altogether impossible to assign L, L,, to 
different azimuthal quantum numbers, unless we deny that the elec- 
trons in these orbits are subject to the laws of relativity at all. 

These results force a choice between one or the other of the two 
horns of a dilemma, which may be stated thus: (1) the abandonment 
of relativity causes and effects altogether in electronic orbits, or (2) 
the abandonment of Bohr’s interpenetration ideas, and with them 
the practice of assigning azimuthal quantum numbers I, 2, 3, 4, etc., 
to s, p, d, f, etc., terms, respectively. In this case some way must be 
found to permit two orbits which have the same shape (azimuthal 
quantum numbers) but different orientations (inner quantum numbers) 
to possess widely different screening constants. This would seem to 
require the introduction of a dissymmetry not heretofore contemplated 
in atomic models. The only escape from one or other of these conclu- 
sions is to discredit the foregoing evidence for the correspondence 
between the s and the L, levels and between the fp, p, and the L,, Lyy 
levels. 

This cardinal difficulty is discussed in a later paper by Millikan 
and Bowen,! who put forward. a possible method of reconciliating 
the Bohr interpenetration conception with the Sommerfeld relativistic 
treatment of electron orbits. They suggest that the only escape from 
the dilemma is to find some break in the continuity of the proof of 
the exact applicability of the relativity formula to all atoms from 
uranium to hydrogen. — It is just possible to make such a break between 
ionised helium and lithium, and thus save the relativity explanation 
for simple systems like H and Het, where the evidence for its validity 


1 Phil, Mag., 49, 923 (1925); Proc. Nat. Acad, Sct., 11, 119 (1925). 
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is wonderfully exact. In order to do this it is necessary to make a 
very difficult and strange assumption, namely, that the remarkable 
applicability of the relativity formula to all atoms from lithium to 
chlorine and to all the X-ray phenomena is accidental, and that there 
must be present some other cause, non-relativistic, which is responsible 
for the spectral characteristics of these elements. This cause, though 
it is concerned with inner quantum numbers rather than azimuthal, 
must lead not only to-the fourth power law, but also to a formula 
with the same numerical constants as those of the relativity law. 

The two remarkable successes of the relativity formula found by 
Millikan and Bowen may be re-stated. 

(1) The fairly close prediction which it makes of the screening due 
to the two K electrons in the spectra of the stripped atoms from lithium 
through nitrogen. 

(2) The extraordinarily accurate prediction of the variation of 
doublet separation with change in total quantum number. 

By making their choice that the 2p, 2), orbits are circles differing 
only in orientation (inner quantum number) Millikan and Bowen make 
the definite assumptions that the above relativity formula successes 
are purely accidental and that the separation of the 2p, 2p. terms is 
due to some other cause which leads not only to the same type of 
variation in Av with atomic number and total quantum number as 
does the relativity formula, but also to very nearly the same numerical 
constants. 

In view of this it becomes essential to re-examine all the data in 
order to see how precisely the relativity formula does actually fit 
these data. Before making this analysis Millikan and Bowen state their 
assumptions and their conclusions as to the requirements which must 
be imposed on the new cause. The assumptions are as follows :— 

(a) That in a simple nucleus-electron system the fine structure of 
lines is entirely due to relativity, so that the character of the H and 
He* lines is fully explained by the Sommerfeld relativity equation—! 


(b) That the selection principle used in optical spectra is appli- 
cable to all radiation, and that L, like 2s is a 2, orbit, also that L,, L 
like p, and p, are circular orbits which differ only in orientation. 

(c) That the L, and Ly, orbits, like the 2s and 2, orbits, are an 
ellipse (2,) and a circle (2,), respectively, the energies of which differ, 
first, because of the difference in the greater screening of the circular 
orbit, and, second, because of the relativity difference between the 
two orbits. This is equivalent to assuming that the L,L,, orbits 
differ in energy by the sum of the irregular doublet energy difference 
and the regular doublet energy difference. In the field of optics the 


ARR 


1See p. 261. 
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first difference is very large compared with the second, whilst in the 
field of X-rays the opposite is the case. 

With the aid of these three assumptions Millikan and Bowen retain 
the application of relativity to all orbits. Their principal assumption 
1s :-— 

(d) That there is some cause acting by virtue of the difference in 
orientation of the two circular orbits L,, and L,,, which increases the 
energy of the former to about the same amount which it would have 
had by virtue of relativity had it been a 2, orbit. 

The advantage of this assumption over that of entirely discarding 
the applicability of relativity to electron orbits is that it is not now 
necessary that the new cause give results which are in such exact 
coincidence with those given by the Sommerfeld equation as would 
be demanded it the new cause were required to fit the extraordinarily 
accurate data on H and Het. 

In analysing the doublet separation data of the atoms from lithium 
to uranium, Millikan and Bowen find that they may be distinguished 
from the data available with a simple nucleus-electron system. 

1. They differ qualitatively in the fact that all those elements have 
at least three two-quantum-number levels, namely, the 2s, 2p, 2p, or 
L,, Ly, Ly levels, whilst in H and Het there are only the two levels 
required by the relativity theory. 

2. They differ quantitatively in the fact that whilst the Sommer- 
feld equation fits the data from H and Het where s =o = 0, this 
cannot be asserted for any other systems. Indeed, by subtracting two 
equations of the Sommerfeld type, corresponding to the two azimuthal 
quantum numbers 2 and 1, which gives 

dy = Nate — 918 
n>k(k — 1) 
where & = 2, the practice has been to solve for s, which then becomes 
an arbitrary parameter. For the whole series of stripped atoms, 
commencing with lithium, the value of s should be 2, since there are 
in each case two screening electrons. We have already seen that the 


values of s are 


S. 
a 5 ; PRONG. 
Bell, * 5 LORY, 
Believes : . 17884 
GiITV¥s ~ a : altose 
INS Vie ; = 1838 


Not one of these values is really within the limit of experimental error 
of 2, and, moreover, the fourth power means that a large error in Av 
means a small error in s. 

It is true that Millikan and Bowen did suggest a logical explanation 
for the last four of these departures for the true value of 2, but they 
now show that the value of 2-019 is greater than 2 by an amount 
which is six times that allowable by experimental error, It is of 
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course impossible for the screening constant for an L orbit to be 
greater than 2, however far the radiating electron is removed. As they 
say, the quantity s as used by them is, within rather narrow limits, 
an arbitrary parameter with the aid of which they forced the relativity 
formula into agreement with observation. 

There is no need to quote the whole of Millikan and Bowen’s 
arguments in favour of their assumption and we quote their concluding 
sentence. To find a new cause for the relativity doublet formula with 
only a little leeway in the value of the numerical constants is a problem 
worthy of the efforts of the theoretical physicist. 

In a later paper? Bowen and Millikan deal with the series spectra 
of the stripped atoms, making use of their method for predicting the 
precise frequencies which must be emitted by an atom in a given 
state of ionisation, and the precise doublet separations to be expected. 
They give the series data of the complete series from Na I. to Cl VIL, 
the values of the first five atoms being more accurate than those pre- 
viously recorded. In Table CXXIV. are detailed the data of the 
regular doublets as given by the 3p, — 3p, separations. 


TABLE CXXIV. 


- Av. SS 

Na I. 5 ; z 17°18 7-450 
Meg tie : F 9155 6°606 
ANIMUUI : - 234-00 6:180 
ol LVe : : - 461-84 5°916 
1D Wf 3 : y 7O43382 5°741 
Ss VI. f : . 1267°10 57596 
Gh With, : . 1889'5 57504 


The application of the irregular doublet law is shown in Table CXXV. 


TABLE CXXV. 


35 — 3h. Diff. Second diff. ea | Dik 

a eines meee ee 12199°48 | 

Meg Il. . A664 ee eg eal core 
JANI HBL, 5 3681°53 z Rone ae | 2630834 
BTV «og 71285°49 fies 24003 88623°41 | ae 
ius ee Hes 147°31 114755-23 | aes 
SVL. 9. | ros866-04 ears ae Ee 25557°64 
Cl VIL. . ens T7135°19 | 


* Phys. Rev., 25, 295 (1925). 
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The validity of the method can be exemplified by one instance. 
The second differences given in Table CX XV. progress systematically by 
a factor 0:58, so that it was possible to predict where the first member 
of the principal series of Cl VII. should be within considerably less 
than I5 wave-number units (0-1 A.). By the use of aluminium 
electrodes, cored with NaCl, a line was found at exactly the right 
place, A= 813-00. Again, from the progression in the values of s 
in Table CX XIV. it was evident that for Cl VII. s must be very nearly 
5°5. Substitution of this value in the equation 4v = 0-108(Z — s)4 
gave a value of Av which could not be in error by more than o-1 A. 
At precisely the calculated distance from the line A = 813-00 another 
line of the same intensity was found at A = 800-70. 

The series lines and terms of P V. and S VI. are given in Tables 
CXXVI. and CXXVIL. 


TABLE CXXVI. 


SPECTRUM OF STRIPPED PHOSPHORUS, FP V. 


Int. ALA. (vac.). ve DX Term values. 
2 542°52 184325-0 3f2 — 45 | 35 524491°19 
815-2 4S 251540°66 
2 544°93 183509°8 3/1 — 45. | 55 147858+7 
3 673°92 148385°6 3d — 48 | 3p, 435046-95 
| 3f2 435841°77 
4 865°475 115543°49 | 3f2— 3¢ | 4p, 220055°11 
78826 4p. 220339°02 
5 871°420 114755°23 J 3pi — 3d . 
2 9977637 100236°86 3d — 4p, | 3d 320295°0 
277-84 4d I7QI0I'l 
2 10007410 99959°02 3d — 4hy 
| 4f 171909°4 
15 1118-015 89444°24 35 — 3f1 | 5f 110036'5 
79482 ae 
12 1128-039 88649°42 35 — 3h2 | 5f’ 109818-4 
| Of’ = 762785 
1385°II 72190°4. 4p, — 5s |, 
) 395 7 1 hee oe 
I 1447°92 69064:6 4@ — 5f | 
2 1010°54 620910 4d — 5f’ 
2 2425°08 41235°75 4p2— 4d 
279°50 
2 2441°63 40950°25 4p, — 4d 
2 296226 337580 Se S| 
3 2079°45 33503°2 ae = Gh 
5 317606 31485°55 4s — 4p, | 
; 283:91 


3 3204°96 31201°64 J 4s — 4py | 
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TABLE CXXVII. 


SPECTRUM OF STRIPPED SULPHUR, S VI. 


Int. A LA, (vac.). ve Ap. Term values, 
e) 88-91 '257128'9 3p. — 4s 35 710264:2 
: \ 1256°6 | 48 347264-0 
fo) 390°82 255872°3 3h1 — 45 
3h, 603131°1 
I 464°63 215225'0 3¢ —4f | 362 604398-2 
4P1 308625-9 
I 706°503 141542:2) 3h2 — 342 4P2 309083°5 
1229°3 

2 712°693 Aeneas 361 — 32, | 32, 462818-2 
| 34°5 32, 462854°4 

fo) 712°868 1402784 301 — 3¢@2 
4f 247612:1 

933°418 107133°1 a 
; } 1267°I sf’ 158159°5 

4 944°590 105866:0 38) (3 hs 

fo) ILI7-91 894526 4f —5f’ | 

I 2588:12 38638-1 | 45 — 4p, 

(i 457°6 
fo) 2619'14 38180°5 45 = Ap, 


In a further paper? the series spectra of two-electron systems 
are detailed, and these were obtained by the application of the two 
doublet laws to the atoms from Mg I. to C1 VI. It will be remembered 
that whereas the irregular doublet law is here applicable in exactly 
the same way as in one-electron systems, the two-electron systems 
are characterised by triplets or singlets and not by doublets. It 
has already been shown that the relativity doublet law applies to the 
two lines of the triplet with the greater separation, and in this paper 
Bowen and Millikan consider the two outside lines of the triplet. 
They commence by proving that whenever a line follows the irregular 
doublet law it must be produced by a transition between orbits of 
the same total quantum number. The simple Moseley law 


vy (Z—o/? 
N n 
shows that in any transition between two orbits with different screening 


constants a, and o, and total quantum numbers n, and n, the wave- 
number v’ is given by 


v (Z es 0,)° (Z Gy) 


N (ae Ny 
y 2 2\72 2 P} ne 
— (Ma* — 147)2* — 2(ng?oy — nyop)Z + nso? — n420,? 


2,2 i 
Ny*N>o 


nw 


1 Phys. Rev., 25, 591 (1925). 
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It is evident from this that the only condition under which v’ can vary 
linearly with Z is that mg = my, since the coefficient of Z? must be zero. 
In other words, the irregular doublet law signifies that there is a dif- 
ference in the value of the screening constant between orbits of the 
same total quantum number. Since the irregular doublet law also 
is equivalent to parallelism between the lines given on the Moseley 
diagram by the two sets of levels which give the doublet, it follows that 
whenever such parallelism is found the relevant levels in every case 
have the same total quantum number. 


TABLE CXXVIII. 


IRREGULAR DOUBLETS. 


3h1 — 3d. 48 — 4P3. 
v. Diff. y. Diff. 
Mg I. 26045°9 Mg I. 6650°4 
31926°8 7502:73 
ATCO 57972°7 ALI. 14153°13 
31813°3 7700°37 
Si III. 89786-0 Si III 21853°5 
309939 7802-0 
PaNe 1207799 Pale 290655°5 
30017°8 7850°9 
SW 150797°7 Sve 3750674 
35 — 3P. 4f1 — 4d. 
oe Diff. ye Diff. 
Mg I. 35051°4 | MgI 6340°2 
| 24793°7 9672-42 
ATT 59845°1 | Al IL. 1601 2°62 
230338 | ; 1025018 
Si IIT. 82878-9 Si III 26262°8 
23311'5 : 10224°1 
Paver 105190°4 PabVv 36486:9 
21953°6 
DV. 127144'0 
21805:2 
CIEVIE 148949:2 
TABLE CXXIX, 
REGULAR DOUBLETS. 
3h3 — 3P1- 
Av. Z—s. s 
MgI 60°81 4:870 7°130 
Al II. 187°3 6-451 6°549 
Si II 394'0 7°769 6:231 
avs 696°3 8-958 6°042 
5-V3 11281 10°106 5894 
Civil. 1720°1 11*230 5°770 
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SPANOS, TOOK 
SERIES LINES OF PIV. 


Inte “ASIAC(vac.): Y. Avy. Avg. Term values. 
2 631-74 158293°0 301 — 48 | 4s  187687-9 
5 823-21 1214764) ap 3h3 — 34 | 58 105479°2 

220° 
6 824-76 ores) 3f2 — 34 | 3h, 345964:9 
\ 467-9 30, 340432-8. 
6 827-95 120779'9 J 3f1 — 34 | 3p3 346061-4 
4 1025°58  _97506°0 4p, 157825°3 
4 1028-13 97264:2 a 4p. 157973°7 
4 1030°53 970371 pp* group | 4p, 158032-4 
4 103314 96792"4 
4 1035°54 96567°9 3d 225185-0 
3 1484°55 67360°5 | 3¢ — 4p, | 4d, 121330°7 
sf  149°6 42, 121338-4 
3 1487°85 67210°9 ne 34 — 4p2| 4d3 1213440 
5 . 
2 1489-16 67152°1f 3d — 4p, 
fo) 1904°97 52494°3 | : 4p, — 55 
147°9 
fo) 1910°35 52346-4) 4p; = 55 
4 2725-67 ie | 4p3 — 4d3 
4 2729'61 | se) 4p. — 4d, 
53 
3 27 30°00 36630°0 J 4p, — Ads 
5 27 40°13 364946 4p, — 4d, 
1484 7-7 
3 2740°71 36486°9 | \ 4p, — 4d, 
BS 
36481-61 J 
6 3348-67 29862°6) 4s — 4), 
J 148°4 
6 336539 29714°2- : 4s = 4h5 
58-7 
5 3372:06 29655°5 aS dpe 
fe) 950°66 105190°4 3S — 3P 


By the use of the irregular and regular doublet laws the lines and 
term values were found for the series Mg I. to Cl VI. but the details 
of the procedure need not be given here. The irregular data are given 
in Table CX XVIII. 

The regular doublet data are given in Table CXXIX, 

The series lines and terms of P IV., S V., and Cl VI. are given in 
Tables CXXX., CXXXI., and CK XXII. 


1 Not observed, 
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TABLE, CXXXI. 


SERIES LINES oF S V. 
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Int. A I.A, (vac.). Vv. Ay. Term values. 
I 437°37 228639'4)\ : 32; — 48 | 45 273075-0 
427°9 
I 438-19 2a8211'5) ‘ 3h, — 45 | 3p, 500407-7 
1 6 oof 1308 3Pz 501252'4 
439°05 227453°7 3f1 — 45 | 3p 501618-2 
3 658-25 151918-2) 3h: — 3€ 4p, 235191-6 
J 365'8 4p, 235480°7 
4 659°84 aS oe 3h2— 34 4f3 235508-6 
4 
4 663-14 150797°7 J 301 — 3¢ 3d 3497000 
4 849°25 177511 
4 852°19 117345°0 
5 854°81 116985°6 pp* group 
4 857°83 116573°2 
4 860:46 1162169 
I 873-20 TAS 2-34 3d — 4p, 
f 3217 
I 875°66 114199°6 | 3d — 4pz 
4 2639°08 37883°4 | : 45 — 4p, 
r 289:1 
2 2659-98 375043) ’ 4S —Aps 
7-9 
I 2666°21 37506:4 J . 45 — 4p 
6 786-51 127144:0 35 — 3P 
TABLE CXXXII. 
SERIES LINES OF Cl VI. 
Int. A IA. (vac.). Vv. 
3 724°13 138096°8 
3 727°54 137449'5 
4 730°31 136928-2 pd* group. 
3 733°89 136260-2 
3 730°70 135729°4 
4 67 1°37 1489492 Soa se 


In their next paper Millikan and Bowen? give the series data of 
three-valency-electron systems, namely, Al I. to Cl V. 


‘shown in Tables CXXXIII. to CXXXVII. 


1 Phys. Rev., 25, 600 (1925). 
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TABLE CXXXIII. 
IRREGULAR DOUBLETS. 
2p 3a. 45 — 4p». 
: Diff. Vv. Diff. 
ALI. 32324°60 All, 7601°57 
4673131 8090°03 
Sill 79056:0 isp 101 15691-6 
37265°1 7849°6 
1P 1D 0E 116321°1 Rite 23541°2 
34868: 1 85240 
Ss IV. 151189:2 S IV. 32065°2 
33200°4 
Clave 184380:6 
4p, — 4d. 
V. Diff. 
ANN 5967-76 
13804°84 
Sut 1M, 6 19772°6 
11143°7 
IP VUE, ~ 300163 
10757°5 
SIV. 2 41673°8 
TABLE CXXXIV. 
SERIES LINES oF P III. 
Int. A 1A. (vac.). Ve Av. | Term valuez. 
2 848-65 1178342), 3h2 — 45 | 45 125497°8 
559°4 
3 85 2°70 r7ayae 34, — 48 | 55 672092:8 
4 855°65 116870°6 | 3P2 — 34 | 3p. 242772°5 
549°5 | 3P2 24333271 
6 859°69 116321°1. 301 — 3d 
4p, i0182t-2 
4 913°99 eye | | 4p. 101957°8 
5 917°14 109035"2 jayamero see 
5 918-69 108850-9) b 5592 pp* group 3a, 126450-0 
5 921°86 108476:0 3d. 126461°4 
5 998-03 100197°I | 3h, — 2 | 4d  — 70904°5 
f 55937 | 
5 1003°64 99637-41 3P1 — % =| @ — 143135°1 
I 2420°47 41314°3) x — 4p; | 
i 1364 
I 2428-49 41177°9 x — 42s 
5 2884-75 34665:0 | 4h2 — 58 
{ 136:6 
5 2896'17 345284 4p, — 58 
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TABLE CXXXIV.—Continued. 
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Int. A LA. (vac.). ve Av. Term values. 
6 3220°23 31053°7 | 4p, — 4d 
J 137°4 
6 3234°54 30916°3 4p1 — 4d 
4 4058°53 24639°5 3d, — 4h, 
6 4060°41 24628°1 136°8 3d, — 4p 
7 4081-18 24502'7 3d, — 4p. | 
7 422334 23677°9 | 45 — 4p; 
: i 136°7 
7 4247°87 23541°2 45 — 4p, 
TABLE CXXXyV. 
SERIES LINEs oF S IV. 
Int. A LA, (vac.), ve Ap. Term values. 
2 iain 181432°2 3f2 — 45 | 48 200109'2 
057°34 152127°8 3f2 — 3d | 5s I110531-0 
938-6 
6 661°42 1511892 3p, — 3¢ | 3p, 380591-2 
3h2 3815414 
5 744°92 134242°8 ; 
5 74840 1336186] 950°5 pp* group | 4p; 167824-0 
5 750°23 1332923 950'0 | 4f2 1680340 
5 753°50 13260686 
3d, 229400°0 
4 809-69 123503°9 | 3h2—% | 3d_ 220414°3 
7 gs5orl 
5 81597 122553:8) 3f1—% | 4d 126151-6 
2 1108°36 902231) % —=4p,\ 4% 25803755 
| 206:2 
2 II10-90 go016-9 6 ADs 
to) 1623°62 pel 3d, — 4p, 
2 1624°00 61576°4 + 210°7 3d, — 4p1 
2 1629°20 613800 } 3@_ — 4p 
° 1739°03 57503°3) 4p, — 58 
\ 210°5 
I 1745°42 57292:8/ 4P1 — 58 
2 2387-72 41881:0) 4p. — 4d 
2 | 207°2 
3 2399°59 416735. 4p, — 4d | 
5 3098: 36 322750) 45 — 4p; 
| 209°9 
3 3118-65 32065°2 45 — 4p, 
VOL. III. 19 
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TABLE CXXXVI. 


SERIES LINES oF Cl VY. 


Int. A LA. (vac.). Vv. Ap. 

3 538-08 185846:0 | 3p2 — 3d 
{ 1456-4 

4 542°33 184389°6 3f1 — 32 

2 564°30 177210°7 

2 565°47 176844°0 1 1507'0 pp* group 

2 569:°14 175703°7 1500°8 

2 570°31 175343°2 

6 629°33 158899°1 

6 633718 157933°0 1 1495°6 pp* group 

6 635°31 157403°5 1497°3 

5 639°24 156435-7 J 


TABLE CXXXVII. 


SCREENING CONSTANTS FOR REGULAR DOUBLETS, 36. — 3/3. 


Ap. Z—S. Sg. So. Sy. 
Na : — — — = 7°450 
Mg j — — — 7°130 6:606 
Al’. ; 112:07 5°674 7°326 6°549 6-180 
Sipe 20720 TN jer 6°823 6°231 5916 
Ps n ROP 8-481 6°519 6:042 5°741 
Smee 2) 9502 9°682 6°318 5894 5°596 
Cir: . 150072 10°853 6°147 5°770 5°504 


Millikan and Bowen ! next deal with the phenomenon which under- 
lies the groups of five lines in the spectra of the two-valency-electron 
systems and the groups of four lines in the case of the three-valency- 
electron systems. In the photographs of the spectra these groups are 
at once recognisable by their appearance, which is so characteristic 
that they serve as a means of identifying the two- and three-valency- 
electron systems, respectively. 

The so-called pp* group of lines in the spectra of calcium and 
strontium was first noted by Rydberg,” and in barium by Popow.3 
Gétze * was the first to interpret these groups as being due to transitions 
from a new triplet p* term to the normal triplet p term. As has already 
been explained this conclusion resulted from the fact that the inner 
quantum numbers of the two sets of triplet terms must be the same. 
The great theoretical interest of these multiplets lies in the fact that 
in calcium the values of the higher p* terms were found to be less 
than zero, This was independently discovered by Wentzel® and by 
Russell and Saunders,® and leads to the very remarkable result that 


1 Proc. Nat. Acad. Sci., 11, 329 (1925); Phys. Rev., 26, 150 (1925). 
> Ann. der Phys., 52, 119 (1924). 

8 [bid., 45, 147 (1914). 4 Lbid., 66, 285 (1921). 

> Phys, Zettsch., 24, 106 (1923) ; 25, 182 (1924). 

* Phys, Rev., 22, 201 (1923). 
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in the transition from 6p* to 4p, for example, the energy radiated is 
larger than that radiated by the return of the electron from infinity 
to 4p. Bohr suggested that the additional energy can only be ob- 
tained from the simultaneous jump of a second electron, the total 
energy change being just sufficient to give the observed wave-number. 
In other words, two electrons, both in unstable quantum states, 
simultaneously perform two definite quantum jumps and integrate 
these two into a single monochromatic radiation. 

The first of these two electrons comes to rest in the lowest vacant 
p level. This is definitely known because certain lines of the six 
observed with calcium, magnesium, and beryllium show exactly the 
same separations as do the normal p levels, and these separations 
occur in such order as to show that the transitions take place to and 
not from these levels. In the second place, this first electron must 
jump from some triplet p term as established by the inner quantum 
number relations. In the third place, the second electron jumps to the 
lowest vacant s level. So much was known before Millikan and Bowen 
made their discovery. The initial level of the second electron was 
believed by Wentzel and by Russell and Saunders to be 3d in the case 
of calcium, but in the cases now under review this cannot be the case, 
though it may be correct for calcium. It may be noted that owing to 
want of sufficient resolving power Millikan and Bowen only found five 
lines instead of six in the case of their two-valency-clectron systems. 

In Table CXXXVIII. are set forth the wave-lengths and wave- 
numbers of the pp* groups in the two series of two-valency-electron 
systems, Mg I. to C1 VI. and Be I. to O V., with the differences between 
the central and most intense lines. 

The series of differences show how accurate is the linear pro- 
gression of wave-number with atomic number. These pp* groups 
therefore follow the irregular doublet law and hence the electron jumps 
must take place between levels of the same total quantum number. 
In the Be I. to O V. series the jumps are definitely limited to those 
between the 2s and 2p levels since there are no other levels with a total 
quantum number 2. This eliminates the suggestion made by Wentzel 
that the transition is d — s, and also Landé’s! proposal that the second 
electron jumps between orbits having different quantum numbers. 
As Millikan and Bowen say, the proof is complete and definite that the 
two electron jumps which combine to give the pp* group in the Be I. 
to O V. series are (I) a jump of the first electron between two of the 
three levels, 2p;, 2p, 23, and (2) a jump of the second electron from 
one of the 2p levels to the 2s level. Since the pp* group has essentially 
the same structure in all two-valency-electron systems it is a natural 
inference that it always arises from these two jumps. 

It would follow from this that the pp* wave-numbers should be 
nearly the same as those of the p -> s transition, 7.e. the first member 
of the principal series of singlets, since the contribution made by the 
second jump is relatively small owing to the closeness of the p levels 


1 Zettsck. fiir Phys., 7, 149 (1924). 
19 * 
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TABLE CXXXVIII. 
pp* Groups IN Two-VALENCY-ELECTRON SYSTEMS. 
A 1.A, (vac.). Vv. Diff. A I.A. (vac.). Vv. Diff. 
2777°503  36003'56 2651343 37716°73 
eee 35983-08 2651438 3771539 
MgI. 2780:639  35962:96, Bel. 2651:507 37714°40 
2782'226 — 35942'44 2651°585 3771329 
2783°782 35922735 2651°652 37712°24 
20727°94 23858°8 
1760'12 56814°3 1623°66 61589:2 
1761-96 56755°0 1623°86 61581°7 
AIII. 1763°95 56690:9 BII. 1624-08 6157372 
1765°81 56631°2 1624°25 61567°0 | 
1767°75 —_ 556569°1 1624°46 61558-9 
20295'5 - 23480°8 
129452 77248°7 117496 85 109°0 
12096°73 Tipps GAR T 85084°2 | 
Si lll. 1298-93 76986:4 Cain 5072 85054:0 
1301°13 70856°3 1176°03 85031°6 
1303°34 76726:0 1176-40 85005°1 
20050°7 + 23267°2 
1025°58 97506:0 922°02 108457°5 
1028'13 97264:2 922°57 108392°9 
PAIN 1030358 97037'1 < NIV. 923:18 108321:2 
103314 96792°4 923°68 108262°6 
1035°54. 96567°9 ' 924°31  108188-8 
19948°5 23171°2 
849°25  -L17751°1 75876 — 131794'0 
852719 §=11 7345-0 750°52 131662*1 
SV. 85481 116985°6 OV 760°50 131492°4 
857-83 1165732 70121 1313698 
860°46 1162169 762°18 131202°6 
19942°6 
724°13 138096'8 
727°54 137449°5 
CIV 17 20:3 te 36025-2 
733°89  136260:2 
736°76 13572974 


to one another. This is shown to be the case by the data given in 
Table CXX XIX. as closely as could be expected, in view of the fact 
that the P-—>S transition will not involve quite the same energy 
after a near-by electron has shifted its position as before that shift 
has taken place. 

In order that a simultaneous two-electron jump can take place, it 
is necessary that both be at a given instant in a displaced position. 
In the present case the first electron must be in one of the 2p levels 
at the same time as the second electron is in some 2p level. If these 
two displacements are not the result of a single act, the first electron 
must be held in a metastable position until another act can displace 
the second electron. The 2p, and 2p, levels are metastable, but the 
2p level is definitely not so. Now the approximate equality in the 
intensities of the pp* lines shows that all of the three 2P1,9,3 levels are 
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TABLE CXXXIX,. 
COMPARISON OF WAVE-NUMBERS OF #f* GROUP WITH (3S — 3P) Jump. 


ey ae pp*. 
Mer = - — 35051°4 3596296 
FTO E ; - 59845°1 56690'9 
Si III. : -  82878-9 76986-4 
PIV: : - 10519074 97037°1 
SV. : . 127144:0 116985-6 
Clivl: : . 148949:2 136928:2 
Cal. : - 236524 23254:66 
Srl 5 -  21698°4 20895°5 
Ba I. c .  18060-2 10843°5 


equally metastable, 7.e. they are equally likely to be the seat of one 
of the two jumping electrons, when the double jump occurs. Millikan 
and Bowen, therefore, conclude that it is one single act that displaces 
two electrons from the level to the two p levels, from which they jump 
simultaneously to give the pp* group. 

Turning next to the three-valency-electron systems, Millikan and 
Bowen concluded that pp* groups must also be present in their spectra 
and that they must be quadruplets instead of sextuplets. They were 
the first to discover these since this group in general lies in the extreme 
ultra-violet. We have already recorded their existence in Tables 
CXXXIV. to CXXXVI. and they are set forth with the differences in 
Table CXL. 

TABLE CXL. 
pp* GRourPs IN THE THREE-VALENCY-ELECTRON SYSTEMS. 


A I.A. (vac.). Vv. Diff. A IA. (vace.). Vv. Diff. 
903'63 110664'8 1762°79 567283 
903°98 T10621°9 Obscured. 
CII. 90417 110598-7 All. 1766:31 56615°2) 
904°48 110560°8 1708-95 56530°9 
~ 27101°8 
685:04 145976°9 1190°42 a 
N III. 685-55 14556084 SLES LlOg 8% 83800°5 
685-86 145802°4 1194°50 83717°0 
686°39 145689°8 i 1197°42 83512-9| 
34533°7 - 25133°9 
553°33 1807 24°0| 913°99 109410°7 | 
OIV. 554-07 18048 2:6) PIM. ox7:14  109035-2) 
554°52 180336°1 918:69 —-108850°9 
555°23 180105'5 g21°S6 1084760 
~ 2444r-4 
74492 134242°% el 
SIV. 748:40 133618-6 
750°23,  133292°3) 
753°76 1326608:6 
241II'2 


629°33 158899"1| 
Clave 633:18 157933'0/ 

635°31 1§57403°5 

639°24 156435°7 
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There is no question that this work by Millikan and Bowen is of very 
great importance and no apology is needed for the following quotations 
from their paper. 

In the three-valency-electron system it is known from absorption 
experiments in aluminium vapour, for example, that in the normal 
state two of the valency electrons are in the 3s level and the third in a 
3p level. About these three occupied outer orbits (levels) are then 
arranged the series of virtual orbits in jumping between which the 
third electron produces the ordinary series of arc lines. This series 
of orbits is diagrammatically represented by the continuous lines in 
Fig. 28, When, now, one of the 3s electrons absorbs energy and is 
thus elevated to a 3p orbit, its removal from the s level changes the 
field strength everywhere about the nucleus so that the new series 
of virtual orbits is now in displaced positions, as represented by the 
dotted lines. These new orbits are designated as 3p,*, 3p5*, etc. 

When, now, one of the two electrons in a p position jumps back 
to the vacant s position the 3p* levels cease at once to exist, the 3p, 
32, etc., positions re-appearing instantly. Hence, a jump of one 
electron from a 3p to a 3s position is necessarily accompanied by a 


3p, 

— eS — ei ii eee eee 3p,* 
SEE Rp ett ol en ee Boe ees aye eee 3p 
BS —————  -w8 eeeeee eee 35% 


shift of the other 3p electrons form a 3p* level to a 3p level. «But 
when this shift takes place the existence of four lines in the pp* 
group shows that the electron which is forced out of a 3p* orbit by 
the jerking of that orbit out from under it, so to speak, may make the 
shift to a 3p orbit in four different ways: by changing (1) from 3p,* 
to 3p, or (2) from 3p5* to 3p. without change in inner quantum number, 
or (3) from 3);* to 3p, or (4) from 3p,* to 3p, with change in inner 
quantum number. The two central lines of the quadruplet pp* group 
correspond to the first and second of these changes, the two outer 
lines to the third and fourth. The fact that the two central lines are 
not coincident shows that the energy change from 3p,* to 3p, is not 
quite the same as from 3p.* to 3p,. This is to be expected from the 
difference in the fields in which the p and the p* orbits lie in virtue 
of the change of position of an s electron. 

The fundamental significance of the two electron jumps lies in the 
new light which they throw upon the problem of the relation between 
the energy of ether waves (radiant energy) and atomic or sub-atomic 
energy (material energy). 

These experiments constitute new proof of the futility of the 
nineteenth-century attempt to find the origin of monochromatic ether 
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waves in the vibratory motion of charged particles of any sort. Within 
the last ten years, an atom or molecule has been definitely shown, 
first by relationships discovered in band spectra,' and second by two- 
electron jumps of the sort now discussed, to have the capacity of 
integrating any sort of a complex sub-atomic or sub-molecular shudder 
into a monochromatic ether wave, the frequency v of which is deter- 
mined by hy = EF, — Ey, E, and E, representing the total energy 
before and after the shudder respectively, The facts of band spectra 
show that this integrating process can combine into one emitted 
frequency a change (I) in the energy of rotation of the two nuclei of a 
diatomic dumb-bel! shaped molecule, (2) in the vibration of these two 
nuclei along their line of connection, or (3) in the kinetic or potential 
energy of one of the electronic constituents of the system. 

These results, together with those of Wentzel and of Russell and 
Saunders, which they supplement, prove conclusively that two 
electrons may simultaneously change their energies within an atom 


TABLE CXLI. 


Series LINEs or BII. 


Int. A 1A, (vac.). ve. Av. Term values. 
fe) 731-46 136712:9 2p —4d 38 72930°8 
3 882-55 E13308%2 y ; 2p>, 3 — 3d 4s 36655°5 
1d°3 | 
3 882-69 113289-9) 2p, —3¢ | 2p, 1653439 
| 2Po, 3 165362-7 
3 1081°88 en | Ado =a 39 | 
19°3 | 3P1 59006:5 
g 1082-10 92412°8) 2p, — 35 | 3P2,3 59010-0 
| 
8 1362°46 73396°5 28 —2P | 3a 520542 
4 1623°66 61589:2 | 4d 28640°4 
4 1623°86 61581°7 | 
5 1624:08 61573°2 pp* group | 4f 27800°0 
4 1624°25 61567:0 | 
4 1624°46 61558-9 Ny 17795-7 
5 1842:83 54264°3 2P —35S 28 1943259 
2 2918-98 34258°5 3d — ff | 3S 66665°1 
10 3452°33 28965°9 25 — 2f9,5 | 2P 1209294 
6 4122:99 24254:2 a¢ —af 63D 48410°3 
I 4473°37 22354°5) 3P%3 — 48 
oa 
I 4474:08 2351-0) Se he eee 


1See Chap. IV. 
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and integrate their joint energy change into an emitted monochromatic 
ether wave. The mechanism by which such an integration takes 
place is thus far a complete mystery. We are here in the presence of 
one of the ultimate phenomena of the physical world. The contri- 
bution of the present experiments to the understanding of these phe- 
nomena consists simply (1) in the proof which they furnish that the 
particular two-electron jumps which are here integrated are (a) a 
jump of one electron from a p to an s position, and (8) a simultaneous 
jump of another electron from one p position to another p position, 
(2) in the evidence which they bring to light that every one of a long 
series of two-valency-electron systems is characterised by essentially 
the same sort of an easily recognisable sextuplet pp* group, this 
sextuplet appearing without essential modification in such different 
two-valency-electron systems as Be I. to O V. and Mg I. to Cl VL, 
(3) in the discovery that a three-valency-electron system is similarly 
characterised by a quadruplet pp* group which is found in all the 
three-valency-electron systems studied, (4) in the proof that the varia- 
tion of the frequency of pp* groups with atomic number follows 
the irregular doublet law and hence that the group is formed by jumps 
between levels of the same total quantum number. 

In concluding this account of Millikan and Bowen’s investigations, 
the series data are given in Tables CXLI. and CXLII. of the spectra 
of the two-valency-electron systems of B II. and C III. 


TABLE CXLII. 
SERIES LINES oF C III. 


Teak, Nits. (vac.). VY. Ap. Term values. 
6 459°7 217552 2p — 3d | 35  146197-2 
i 538°4 185742 2p — 35 2b = 331939°2 
12 977-02 102352°1 25) —2P) 4 3p, 1246858 
3P2 124698:6 
4 117496 85 109-0 3f3 124704:1 
4 1175°31 85084:2 
5 1175°72 850540 pp” group | 3d —-114387-2 
4 1176:03 85031°6 
4 1176°40 85005'1 4f 62600 
7 1930°98 51787°2 34 —4f | 2S — 375463:1 
10 2297°59 43523°9 25 — 25, NP 7 21I TO 
3 4648°70 215114 \ SS 
f 12°8 
2 4651-46 214986) 35 — 3pz 
: 55 
1 4052-65 21493°1 J 35 — 3ps 


* Phys. Rev., 26, 310 (1925). 
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Lastly, we may add Table CXLIII. for the sake of exhibiting even 
more strikingly than has been done before, first, the systematic 
progression of the screening constant of the regular doublet law as 
each new electron is added to the valency shell, and second, the fact 
that the triplets behave precisely as do the doublets in systems of 
like electronic structure and varying nuclear charge. The upper half 
of the table gives the (2p, — 2p,) doublet separations in the first, 
third and fifth columns for one-, three-, and five-electron systems, 
respectively, and the (2p; — 2p,) triplet separations in the second, 
fourth, and sixth columns, for two-, four-, and six-electron systems. 
For the two-valency-electron systems these separations are obtained 
from the pp* groups. The lower half of the table gives the values of 
the screening constant as computed from the regular doublet law. 
The table shows very clearly the effect upon the force field about the 
nucleus of the successive addition up to six of each new valency electron 
to the valency shell. The progression is at least qualitatively in 
agreement with that to be expected from the successive introduction 
into the atom of six point charges each endowed with a coulomb field. 


TABLE CLXIII. 


FREQUENCY SEPARATIONS AND SCREENING CONSTANTS FOR REGULAR 
DOUBLETS AND TRIPLETS. 


T. 2 5 4. of 6. 

Sens 2p. — 2Pi. 2p3 — 2P1. 2Po Z Bp). 2p3— 2p). 2b, — 2p. 2b3—2p,.- 

Li 0:338 

Be 6:61 3°02 

B 3471 22°8 15°55 

Cc 107°4 79°1 66-76 46°8 q 

N 250°1 204°1 179°3 132°2 85°3 

O 459°5 398-4 309:0 224°0 


Screening Constant, s = Z — \/ Av/0°365. 


Li 2°019 

Be 1°937 2°304 

B ; 1884 2:189 2°445 

(8; ‘ 1858 2°163 2°332 2°635 

N ‘ 1:838 PPL 2°202 2°38 3090 

O : 2 043 2'252 2°600 3'023 


The Second Type of Regularity in Spectra.—Under this title 
there have been grouped a number of spectra in which series of the 
type we have principally been concerned with have not as yet been 
recognised. In these spectra a different type of regularity was dis- 
covered by Kayser? and by Kayser and Runge.’ The regularity 
consists in the recurrence of certain constant wave-number differences, 
and this may be instanced by tin and antimony which were examined 
by Kayser and Runge. In Table CXLIV. are shown certain groups 
of constant wave-number difference in the spectrum of tin. 


1 Abh. d. Berl. Akad., 1897. 2 [bid., 1804. 


298 SPECTROSCOPY 
TABLENCXEIV: 
TIN. 

T 2. as 4. 5. 

A. r. Diff. A. Diff. 
3801-16 B75 e038 — oo! 3009:24 0-00 
3330°71 2840:05 + o-:o1 2706'59 + 0:02 
2850°72 2483°49 + o-o! 2380°83 — oo! 
2813°66 2455°32 — 0:02 2354°93 + ool 
2785°14 2433°57 — 0°04 2334'93 — 0°04 
277992 2429°59 — orol = ey 
2594°49 2286°75 + 0°04 2199°42 + 0°04 
2571-07 2269-00 + 0°03 — — 
2524°05 2231°85 + 0:05 2148-59 + o1! 
2495°80 2209°73 + 0:05 = = 
2408-27 2140°84 + 0:26 2064'12 — 0°32 
2359'05 2101-06 = 0:16 — = 
2317-32 2068-67 + 0:03 = = 


In this table the first column contains a number of lines, the wave- 
numbers of which when increased by 5187-03 give the lines in the second 
column, the errors being shown in column 3; again, if we add 6923-26 
to the wave-numbers of the lines in the first column, the wave-numbers 
of the lines in the fourth column are obtained with the differences 


given in the fifth column. 
form triplets of constant wave-number difference. 


A similar arrangement was found in the case of antimony, as 
shown in Table CXLV. 


In this way the lines in the horizontal rows 


TAB CXL Ve 
ANTIMONY. 

Is 2. 3. 4. 55 6, 
4033°70 3722°92 ee: ee em are 
3637°94 3383°23 2770°03 2670°73 2395°30 2352°32 
3232-61 3029'91 2528-61 2445'61 2212°63 2175-90 
2851-20 296234 2289-09 2220°85 — 

2719:00 2574°15 2203-09 2139°81 — — 
2652°70 2514°65 2159°36 2098'53 — — 
2614°74 2480°51 — — — — 
2554°72 2426°44 = = aa = 
2481°81 2360°57 — =: = = 
2373°78 226263 al ae =e = 
2329°19 2222-08 = — — — 
2306:56 2201°47 — — ae a 
The number of elements showing this type of spectrum has largely 


been extended by Paulson.1 


* Astrophys. Journ., 40, 298 (1914) ; 41, 72 (1915); 
(1914); 16, 7, 81, 352 (1915); 


46, 698 (1915) ; 


19, 13 (1918); Ann. der Phys. 
Zettsch, wiss. Phot., 18, 202 (1919). 


Phys. Zeitsch., 15, 892 
» 45) 1203 (1914) ; 
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/ This type of regularity was generally accepted as being essen- 
tially different from the ordinary series type, but the enunciation of 
the combination principle by Ritz suggested at once that these spectra 
are composed of a great number of combination lines without any 
series of the normal type being present. This suggestion, however, 
did not do more than indicate an abnormal number of terms with a 
corresponding complexity of combinations. Some considerable light 
has been thrown on the problem by Paschen’s work on neon which 
has already been described. It must be remembered that the earlier 
work on this spectrum had shown some indications that it was analo- 
gous to those of our second type. It had been pointed out by Watson } 
that many of the strong lines could be arranged in quadruplets with 
constant Wave-number separations, and it was further noted by Rossi ? 
that two sets of doublet series could be traced. The solution of this 
particular spectrum was found by Paschen who succeeded in proving 
the presence of 130 series which are closely related. The details 
of this structure were given on p. 218, the chief characteristic being 
the great number of spectral terms. There are four series of s terms, 
ten series of p terms, and twelve series of d terms. There thus could 
theoretically exist forty sharp series, forty principal series, and 120 
diffuse series, or 200 series in all. 

As was explained on p. 212 it was Paschen’s work which led 
Landé to put forward his scheme of multiplicities of higher orders 
of complexity based on Heisenberg’s conception of the branching 
of terms, each branching consisting of a single term giving two terms 
with I+ 1I-+1/2. Then, again, there is the more recent theory of 
Heisenberg, which has been applied by Fowler and Hartree to the 
spectrum of O IL. (p. 228). There is little doubt that the secret of the 
spectra of the second type of regularity will be found in the fact that 
the multiplicity of their spectral terms is of the second, or possibly 
of a still higher, order of complexity. Further work on these spectra is 
very urgently needed. . 

Allocation of Lines in Series.—Although a valuable indication 
of a general method of procedure is to be found in Fowler’s work ® 
on the spectral series of silicon and oxygen, and in Catalan’s work 4 
on the spectra of manganese, we may consider this problem in greater 
detail. In the first place, it may be noted that the lines belonging 
to the same series exhibit in general the same physical characteristics 
as regards sharpness, etc., and they also show decreasing intensity 
as their wave-numbers increase. These two facts form a valuable 
guide at the outset, since it is often possible from an inspection of a 
photograph of a spectrum to pick out the lines which belong to a sertes. 
It is convenient also to construct a map of the spectrum in which the 
lines are distributed according to their wave-numbers, and their 
intensities indicated by their lengths. When a number of lines have 


1 Astrophys. Journ., 33) 399 (1911). > Phil. Mag., 26, 981 (1913). 
3 See pp. 81 and 223. 4 See p, 110. 


SPECTROSCOPY 


300 


hz.0| vgzr | TEE | S191 | LLP | z6o0z | SzZ| Ligz| ZZrr|+66¢ | Zore 1019 | LVEF | gbbor| rrvrr| 6Sgiz| zZPo6r|1€E1L | Fz-0 
£z-0| Lgz1| Z€€| 6191 | 6ZF | g6o0z | gzZ| gzgz| #err| o1ot| ogre o£19 | Eger | €1S01r | eho rr| SSozz | obo | S6bzLl | €z-0 
€2-0) 06z1 | £€€ | Ezor | rgb] boiz | TZ | S€gz | o6rz| Szov| bErz| 6S19| 6rrF | gLSor 94911 | VSzzz| SEIS | 6ggqEL | Zz-o 
TZ.0| €6z1 | PEE | Legr | Egh | o11z| FEL | bbgz | L6rz| rho | LE rz| gg19| gStt| Froor ZISII|9Sbzz| gShzS | z16bL | rZ-.0 
02-0] 96z1 | SEE} 1€91 | Sgh| gr1z| LEZ | €Sgz | Eozr| gSob| rgrz| Lizg| Fort | r1Zor| oS6rxr 199zz|SoSE | ggigZ | 02-0 
61-0] 66zr | EE | S€qr | Loe | zzxz| rhZ| €ggz| 6ozr| zLob| SLrz2 Lyzg| T€S¢ | gLLor | 06021 | gggzz| EgSPS | 1SFLL | 61-0 
8I-0| Zo€T | LEE) O€g1 | 69h | gziz| FrZ| zZgz| grzzr| ggob| 6grz| LLzo 69S¢ | obgor | z€zzr| glo€z| r69S6 | 69LgL | gr-0 
41-0] POEL | 6E€ | Evgr | o6F | C€rz | gfZL| regz| zezr| Corb | toe Lo€g | gogF | 1601 | L£Ezr| z6zEz| o£ 996 | zz10g | Zr-0 
91-0 | Lo€r | obf | Lor | z6F | 6€1z | z6Z| 16gz| gzer| 61h | 6rzz gfEQ | ofOF | bgoor | FzSzr| goSEz| roogs | 60S1g | gr-0 
$1.0] or€1| rhE| r$91 | FOF | Shrz | SSL | o06z | SEzr| S€1b| Eeze 89f9 | SgoF | €Sorr| bLozr| LzL€z| g0z6S | €€6zg | Sr-o 
FI-0| €1€xr| ZhE| SSgt | g6F | 1S1z| go | 606z| cher] 1S1b shez | 66£9 | SzZh| bz111| Szgzr| 6F6Ez| Sthog|t6Ebtg |tr-o 
ET-0] 91€1| EFE| 6Sgr | 96r | LS1z | zgZ| 616z| 6Fzr| gort 2gzz | o€bg| SoZ | C6111 | og6zr| SLibz| 6rZ1g| vOgSe | £r-0 
&I-0| 611 | PPE | Egg1 | OOS | Egiz | SgZ | gz6z| gSer| bgrh| LZzz| 19+ gogr | Loz1z| gELET | Cobbz| zEo0£g|SErLg | zZr-0 
IT-0|Zz€1 | 9FE| gogt | zoS | oL1z| 99Z| g€6z| zgzr| oozb| z6zz zObg | L7gr | O€E1L| 96zET| SEgbz| z9Ehq|L106g | rI-0 
O©-0| $z£1| LE | zLox | FOS | Liz | 2£L| gh6z| 6gzr| Lizb| go€z| SzSq| egot| €rbr1| ZoFEr oLgbz| ELL6g | €Fg06 | or-o 
60-0 | Lz€r | 6FE | gLor | g0S | zgiz|SZZ| LS6z| gler| €€zb| beee LSG9| o€6F | Lgbrr| zzg£r| 601$z| Sozlg| F1€z6 | 60-0 
80-0 | O€€1 | OE | oggr | 90S | ggiz| 6LZ | Lo6z | Eger| oSzb | 6€€z| 6gS9 | EL6F zQSI1 | 6gLET| 1S€Sz| ogggg| E06 | go-0 
£0-0| €€€1 | TSE] -ggr | or | borz | E9Z| LL6z| ober Lozb | bSEz| 1z99| gr0$ | LEgr11| og6€1| L66Sz| oozoZ| L6LS6 | Zo-0 
90-0| 9€€1 | ZSE) ggor | zz | 00zz | LeZ| £96z| L6zr| bgzb| oLEe bSQ9 | 6£0S | €rL11| €€rbr| gbgSz| ZoZrZ| €19L6 | go-0 
£0-0| O€€r | #SE| €6g1 | HrS | Lozz | 064 | L66z| Fofr| 1o€b 98€z | L899 | €or$ | o6L11| g0€F1| g60g9z| ES€EEL| 1gb66 | So-0 
F0-0| zh€xr | £€ | L6gr| gS | €xzz | €6Z | goo€ | er€xr gi€h | zobz | ozlg| ghr¢ | gogir| LZettr| $S€qz| 6Fo0GZ| tobr01 | to-0 
£0.0| £PE1 | 9S€ | 1oL1 | grS | 61zz | £64 | g10€ | 6r£r| SEE | grbz| €SL9| E6r¢ 9r611 | 699F1| S199z | Z9LQ4 | zQEEor | £0-0 
0-0] gr€1| LEE) CoLr| 02S | Szzz | rog | gzo€ | gzr| zSEF | CEkz | LgLq| 62S | ozoz1 ES9rI | 6Lggz | oFS9Z| 61bS0OT | Z0.0 
T0-0| 1SE1| 9SE | 60L1 | Ez | z€zz | Gog | LEo€ | EEEr| oLEb| rS#z 1zZgg | SgzS | gorz1| rhoSr| LbrZz| oL£0g | Z1SLor| ro-0 
00-0 | PSEX | og€ | HIL1 | FS | gEzz | 609 | Lvo€ | oFEr| Leth | ggtz SSgq| Z€ES| Lgrz1| €€z6r| ozbLz| 9Szzg | g£9601 | 00.0 
m O=w rd s=m pid flame lyiq fo=m| pig |S=wl mig fe=ul ma |= | mq |-z=ml mq | cram | ow 


UNIDSOY BITS AVAE 


301 


SERIES OF LINES IN SPECTRA 


QIZI 
OzzI 
S227 
Czz1 
QzzI 


I€z1 
€€z1 
Q€z1 
gezI 
Ivz1 


veZI 
Lbz1 
6Fz1 
zSZI 
bz 


LGZI 
ogzI 
€gz1 
CozI 
ggezl 


tZzI 
bLzI 
9LzI 
6L£z1 
ZQTI 


ZZSI 
CzCr 
6zCI 
zECr 
ofS1 


obSr 
Erey 
LYSY 
ofSr 
FCCy 


Scr 
zQCI 
991 

LOY 
€Lor 


goat 
IQST 
$eCr 
ggst 
zOCI 


961 
OogI 
Fool 
Qogl 
ZIQI 


I89 


Col 


wilt 
CrL 


ial, 


Fogz 
ZIQZ 
Oz9GZ 
QzQz 
9f£gz 


Chgz 
€lgz 
199z 
69972 
glgz 


989¢ 
C6gz 
€olz 
reales 
ozlz 


6zLz 
LELe 
gtLlz 
CClz 
€gLz 


tlle 
Iglz 
o6Lz 
66Lz 


808¢ 


C006 
LS06 
6010 
zQ16 
C1z6 


ggz6 
Ze7lO 


LLEO 
ZEb6 
ggb6 


blo 
0096 
LO96 
C16 
€LL6 


ZEQO 
1696 
o0f66 
IIOOI 
tZLo1 


€€roI 
C6IOL 
LOzo1 
oz€or 
Fgtor 


£398 
g4Le 
6988 
2968 
L006 


POIO 
AAG 
IS£6 
zSt6 
PoL6 


996 
£9L6 
6986 
LL66 
L900I 


66I0L 
ZI€or 
Leror 
EFCor 
Z990I 


zglor 
£060r 
§ZOIr 
ESTE 
Tgezrr 


zoror 
zLooS 
9$LoS 
borr¢ 
ggizs 


€6gzS 
CEQES 
€6EKC 
Lg1S¢ 
gS6ss 


g9LoS 
zOCle 
gfbg¢ 
9676S 
Ogiog 


9go019 
Fooz9 
L¥6z9g 
I16£9 


gogro 


60669 
zb699 
I00gQ 
+069 
t610L 


6r-.0 
got-o 
Lt.o 
oF -0 
Cr.o 


th.o 
EF-.o0 
zh-.o 
It-o 
oF-o 


6£-0 
8E-0 
LE-O 
g£-0 
CE.0 


FE.0 
££.0 
Z&-0 
I£-0 
0£-0 


6z-0 
92-0 
Lz-o0 
gz-O 
Cz.0 


SPECTROSCOPY 


08z 
08z 
T9Z 
Z9z 
Ege 


b9e 
S92 
98é 
L92 
88E 


692 
062 
l6z 
Z6z 
£62 


boz 
£62 
962 
L6z 
962 


662 
oof 
TO€ 
Zoe 
£0€ 


SOE 
L6£ 
96€ 
oor 
ror 


for 
tor 
Cor 
Lor 
Sor 


Or 
Itt 
er 
bir 
gir 


git 
OIF 
Ter 


Zev 


ber 


Cer 
Lev 
9er 


off 
A 


C16 
916 
£26 
9260 
££6 


LE6 
avo 
LEO 
1S6 
9£6 


196 
£96 
oL6 
£L6 
646 


£96 
696 
+66 
666 
Foor 


600I 
PIOL 
6IOL 
Czor 
O£0r 


6£6z2 
1962 
£00£ 
bzoF 
oboft 


690€ 
TO0€ 
PIIE 
LETE 
HOLE 


b9ré 
g0Zé 
LECE 
GAS 
Ogee 


POb& 
6z€& 
PSEE 
OLEE 
Core 


IEVE 
LOPE 
Pore 
orcs 
LESE 


8949 
Ef99 
6689 
9969 
PEoL 


zorl 
hil, 
abel 
EEL 
SgEL 


6SPL 
ESL 
gogl 
£egl 
ZgLl 


or gl 
616L 
0008 
Z908 
POLS 


Stz8 
EfES 
61t§ 
Lol 


9658 


BG 


IG 


Bd 


Bd 


HIG 


302 


*‘panuyuoj— 


JUNIO) GUIIBIN ALL 


303 


SERIES OF LINES IN SPECTRA 


00-L 


66-0 
86-0 
46-0 
96-0 
£6.0 


6-0 
£6-0 
z6-0 
I6-0 
06-0 


69:0 
&8-0 
£9-0 
98:0 
£9-0 


£9-0 
£98-0 
Z8-0 
Ig-o 
08-0 


6£-0 
gL-o 
LL-0 
92-0 
L.0 


L601 


6601 
IOII 
Corl 
Qorl 
Qorl 


OIIl 
SEVT 
Crit 
Mace 
OIII 


IZII 
vz11 
QzII 
QzII 
Rese 


C€rr 
C€rr 
HAST 
oFir 
Zvii 


brit 
LYVII 
6FI1 
ICI 
bCorr 


bCey 


LGE1 
oof I 
€of1 
Q9£I 
69£t 


Zoek 
CLEX 
OLEI 
ZQET 
CQer 


QgeI 
IOET 


F6EI 
LOEI 
Iorr 


torr 
Loti 
OIL 
€xrv1 
gIti 


611 
€zbrr 
gzrr 
6zhI1 
€€r1 


brLr 


gilt 
GOON 
Mraeal 
IELI 
gfL1 


oblr 
brli 
6rLr 
€CLI 
LOL1 


Zoli 
g9L1 
ILL1 
CLL1 
ogli 


belt 
6gLi 
FOL 
golr 
€ogt 


Logi 
ZIQI 
LIgt 
IZQI 
QzgI 


gtzz 


Chzz 
1Szz 
gSzz 
bozz 
ELoe 


LGZES 
bezz 
06zz 
L6zz 
Fo€z 


aRSeZ 
Li€z 
bz&z 
o€€z 
Lees 


bhez 
IS€z 
gStz 
Coz 
zl€z 


6LEz 


ggtz 
£6Ez 
ootz 
Lotz 


Loft 


LOo€ 
Lgo€ 
LLo€ 


QQo0k 
gooe 


gore 
611€ 
6z1€ 
ofr€ 
ICr€ 


ZQIE 
ZL1€e 
Egr€ 
Fore 
Coze 


gize 
Lez€ 
geze 
6bzE 
ogzt 


CLES 
Egze 
F6zE 
Qote 
LIEE 


OFET 


ShEI 
gS EI 
EGET 
OL€T 
SLET 


98EI 
POET 
Zorr 
60rr 
LIT 


Cerr 
PEI 
ehrr 
Offr 
SShI 


99FI 
vLYr 


Egrr 
ZOrr 
ooSt 


SOST 
LIGT 
geZST 
CECT 
PEST 


Leth 


Cobh 
€zbr 
obtr 
QeSbr 
gLth 


b6by 
€1ch 
IEcr 
6bSr 
gosh 


Lesh 
gogb 
Czob 
thor 
€gqth 


zggr 
1oLt 
IzlV 
I-lLy 
og Lt 


ogltb 
oogr 
ozgt 
ber 
19Qh 


sgotz 


tota 
ToSz 
612 
g&Sz2 
boSe 


TLSZ 
6962 
Logz 
fzg2 
Eb92 


199z 
6L9z 
9692 
Lilz 
g&Lze 


9S Le 
gLLe 
f6Lze 
Crg2 
gf 92 


9S 92 
9L92 
L692 
L162 
£62 


SSgg 


6839 
bz69 
6S69g 
+669 
ofoLl 


CooL 
zo1l 
geil 
bLrL 
1izl 


gbzl 
Cgzl 
SM, 
19€Z 
66€ZL 


gerl 
LLVL 
91CL 
9SSL 
96¢L 


gtgl 
gloL 
(Gaile 
gSLL 
66LL 


ZeES 


6LES 
Levs 
SLES 
zASS 
Elec 


bzgf 
PLOf 
Sele 
gLlLe 
TESS 


P99 
gEOS 
£666 
ghog 
Forg 


O9rg 
8LZg 
gLz9 
PEEQ 
r6£9 


toto 
g1S9 
LLSg 


of 99 
tolg 


LQizi 


QQtTI 
1S€zr 
vEbz1 
giSzi 
€ogz1 


Oggqz1 
oLlzr 
EQQRTZ1 
zlOz1 
zho£r 


ZEIEI 
€zz€1 
QI€€r 
60rE1 
€oCSEr 


QOSer 
COgEr 
ZOLET 
O6gET 
o66€1 


o6orFtr 
ZOIVI 
b6zr1 
QoOerr 
€oCtr 


ELSST 


gchSr 
CzgSr 
Lzgor 
ZEOQL 
Ibzgr 


ECtOr 
69991 
68891 
SLT 
ove Lr 


ZLSLI 
60gL1 
gtogr 
bOZ9I 
EPL OI 


gOL9T 
gf o6r 
6I€61 
ggl6r 
Ig96z 


Ibtoz 
bztoz 
Crg0z 
Olola 
Or€1e 


ozblz 


969Lz 
9gloLlz 
IQZQz 
oSSez 
breez 


zbh16z 
Crho6z 
zSL6z 
Cgoo0€ 
ZQEOE 


toLo€ 
zor’ 
bole 
€oL1€ 
gtoze 


g6EzE 
1CLzE 
ITIEE 
glee 
ISQeE 


1€zbE 
gIgt& 
6006£ 
gorce 
ErgCE 


304 SPECTROSCOPY 


been selected as belonging to a number of series, their wave-numbers 
may be plotted against consecutive integers and the regularity of the 
curve thus drawn affords a valuable indication as to the correctness 
of the allocation. 

Although the Rydberg formula is not sufficiently exact to represent 
the wave-numbers of a series accurately, yet it is extremely useful 
in the preliminary stages of the work. The most convenient method 
of utilising this formula is by means of an interpolation table such 
as was described on p. 11. This table renders invaluable aid both 
in selecting the lines of a series and in finding an approximate value 
for the convergence limit of that series. As was stated previously 
Rydberg published an interpolation table for use with his formula, 
this table containing the values of N/(m + p)? for m = I, 2,3, ...9 
and js = 0-01, 0:02, 0:03 . . . 1:00. This table had been calculated 
with N = 109721-6, which was obtained from the earlier measurements 
of the hydrogen lines. Since the value of 109678-3 has now been 
adopted for N, the table has been re-calculated and may be repro- 
duced here on account of its extreme usefulness ! (see p. 300). 

The method of using this table may be indicated. Let it be supposed 
that two lines have been found which, owing to their similarity seem 
to be consecutive members of the same series and which have the wave- 
numbers 30926 and 36468. The difference in wave-number is 5542 
and from the table we find that 


N = 
2-95)” (3-95)? 


55/5 = 12603.— 7030 


and 


Dal = ne a 8 — 6 
aie Cees ae 


By interpolation we find that 


N 
954? = (3-95633)2 Gos6332° ee 


It follows from this that the convergence limit is given by 
A = 30926 + 12549 = 43475, 
or A = 36468 + 7007 = 43475, 
and hence the equation for the series is 
y= 4347/5 = eae 2° 
(m + 0-95633)? 


With the help of this equation the approximate wave-numbers of the 
other lines of the series can be calculated and these lines can at once 
be sought for in the spectrum. If found, all doubt will vanish as 


‘See also Fowler’s Report on Sertes in Line Spectra, p. 82. 
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to the reality of the series, and from their true wave-numbers the 
series constants may be accurately calculated by means of the Ritz or 
Hicks formula. In order to show the accuracy obtainable, it may be 
said that the two lines selected above are two members of the principal 
series of lithium. The true value of the convergence limit of this 
series 18 43486-3, which is very near to the approximate value calcu- 
lated above. 

In the case of enhanced line spectra, it must be remembered that 
the Rydberg series term is of the type x?N/(m + y)?, where x = 2, 3, 
4, etc. In using the interpolation table therefore in work on enhanced 
series it will be necessary first to divide the value of An by 4, 9, 16, 
etc., according to the conditions of ionisation present. The values 
of N/(m + y)? must then be multiplied by 4, 9, 16, etc., in order to find 
the limit of the series. As an example we may take two of the lines 
of Si IV. with wave-numbers 43710 and 65212, the value of Mn being 
21502. 

Now 21502/16 = 1344, and from the interpolation table we find 
that 

a a 396 — 30 
OLA COT by ae © 


The convergence limit is given by 


4396 X 16 -| 43710 = 114046, 
and 3052 X 16 + 65212 = 114044. 


14s 


The Rydberg formula for the series is therefore 
10N 
(m + 0-995) 


The convergence limit found by Fowler as shown in the table on p. 87 
is 114076. 

Although it might appear at first sight that the value of m in 
Rydberg’s formula is of little importance, since we find from the 
table and make use of the value of m-4+- yp, this is by no means 
the case. From what has already been said in connection with the 
relations between the four series, it is essential that the true value 
of m be known in order to establish the four series in correct orien- 
tation with one another. The first fact to be remembered ts that the 
first members of the principal and sharp series have the same separa- 
tions, and hence the numeration must be such that P(1) = — S(1). 
The same is true of course for singlet series. As was mentioned on 
p. 36 the sign is reversed in the case of some elements such as the 
aluminium sub-group where S(1) = -- P(1). The numeration of the 
lines must be such that m = 1 in the true first members of both the 
sharp and principal series. Thus in the case of sodium the constant 
separation of the sharp doublets is 17-18 and this is the separation of the 
D lines, which thus must form the first principal pair with m= TI. 

VOL. IIL. 20 


n == 114045 5 where m = 4, 5, etc. 
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The wave-numbers of the first two less refrangible members of the 
principal pair series of sodium are 16973 and 30273, the difference being 
13300. From the interpolation table this difference is given very 


approximately by 
N N 


(ern? (G41) 


Since, however, m = 1 for the firsteline, w = I'l. 

There is no such criterion for the diffuse series and, in view of 
the fact that the sharp and diffuse series have the same convergence 
limit, it is customary to give the same value of m to neighbouring 
lines in the two series. As already explained, m = 2 for the first 
member of the diffuse series in most cases. When satellites are 
present, then information may be gained at once as to the true first 
member of the diffuse series from the fact that the satellite separation 
in that member will equal the separation between the components 
of the fundamental series. 

The most important factors to be considered in correlating together 
lines which belong to the same series are their physical characteristics, 
and in particular the Zeeman effect. The information that is gained 
from a knowledge of the resolution of a spectrum line in the magnetic 
field is of paramount importance. Not only does the type of resolu- 
tion remain constant in any given series, but, as the result of the more 
recent advances in that field, it is possible from a knowledge of the 
separation of the components of the resolution picture to assign 
any line to its series and to its system (doublet, triplet, quartet, etc.). 
As has already been emphasised, the more: recent advances in the 
two fields, spectral series and Zeeman effect, have been closely asso- 
ciated, the two in the end forming a unified whole. This statement 
will be better understood from the account of the latest work on the 
Zeeman effect, which must, however, be postponed till Chapter II. 

In concluding this account of spectral series, which can at best only 
be viewed as a guide to those who wish to understand the progress 
made during the last twelve years, a few words may be said with 
respect to the labours of the investigators in new fields of series 
relationships. Whilst some indication may have been given of the 
methods in the account of the work of Fowler, Catalan, Millikan 
and Bowen, and others, the fields yet unexplored promise to be beset 
with great difficulties. In this respect reference may be made to 
a recent paper by Carroll+ on the vacuum spark spectra of Hg IL, 
Ga IIL, In HL, Tl IL, Ge IV., Sn IV., and Pb IV, wherein he points 
out the great difference between the problem of identifying the series 
lines in these spectra, and that of arranging the lines in ordinary arc 
and spark spectra. The outstanding guides, such as Zeeman effect, 
temperature classification, reversal, ionisation or resonance potentials, 
were not to hand, nor did the lines show any well-marked differences 


1 


1 Phil. Trans., 225, 357 (1926). 
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of character in definition. Then, again, the constant separation of 
the lines arising from the same pair of levels was of less value than in 
ordinary spectra, since the first members only of any series could 
be identified with certainty, the remainder being cither too faint 
or else inextricably mixed up with the enormous number of lines 
present in these spectra. For this reason it was not possible to use 
a series formula to calculate the limits or terms and to check the re- 
sults. These difficulties seem to be formidable enough, but they were 
overcome in a very striking fashion. The results and the details of 
the work cannot be given here, it being sufficient to say that the latter 
were based on an elaboration of the methods we have already dis- 
cussed. 


CHAPTER AL 
THE ZEEMAN EFFECT. 


Introduction and Early Work.—In 1896 Zeeman discovered that 
if a Bunsen flame fed with small quantities of sodium were placed 
between the poles of a powerful electro-magnet, and its spectrum 
examined, then, when the exciting current was turned on, the D lines 
were seen to be broadened, regaining their original appearance when the 
exciting current was cut off. This was also found to be the case when 
the reversed D lines, obtained in the usual way by absorption, were 
examined in the same way. Zeeman pointed out that the phenome- 
non is a natural consequence of H. A. Lorentz’s theory of electro- 
magnetic radiation. When a substance is placed in a magnetic field, 
the motion of the electrons are influenced so that changes are made 
in their periods of vibration. Zeeman showed that, as a simple 
result of this theory, the motions of the electrons may be resolved 
into three components, one in straight lines parallel to the magnetic 
lines of force, and the other two at right angles to them; the two last 
may be resolved into two circular motions (right- and left-handed) 
round an axis parallel to the lines of force. Evidently the first rec- 
tilinear motion will not be influenced by the magnetic field, whilst, 
on the other hand, the two circular motions will be altered, the vibra- 
tion period of one being accelerated and that of the other being de- 
celerated. If the lines of force of the magnetic field are parallel to 
the line of vision, then, the electrons being negatively charged, the 
right-handed motion will be retarded and the left-handed motion 
accelerated. On these grounds it is easy to predict the effect on the 
lines of a spectrum. 

Let us consider, in the first place, the effect if we examine the light 
evolved from some source placed in a powerful magnetic field, looking 
along the lines of force. Under these circumstances the first com- 
ponent of the motion of the electrons, that is to say, those electrons 
moving parallel to the lines of force, cannot emit any light in our 
direction, since they are not moving transversely to the line of vision ; 
these particles are simply moving backwards and forwards in the 
sight line, and therefore they will give rise to light waves at right 
angles to the sight line, but not in directions parallel to it. The two 
circular components, on the other hand, will give rise to two circu- 
larly polarised rays, and as the one circular component is accelerated, 
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and the other retarded by the magnetic field, the two resulting circu- 
larly polarised rays will have different oscillation frequencies ; with 
a sufficiently powerful spectroscope these two rays will be seen sepa- 
rated. Since the action of the magnetic field restrains one of the 
circular motions just as much as it accelerates the other, it follows 
that we should see in the spectroscope, instead of a single line, a 
doublet, whose components are situated at an equal distance on 
either side of the position ‘of the original line, and are circularly polar- 
ised, one in the right-handed, and the other in the left-handed, sense. 
If now, in the second place, the light be viewed across the lines 
of force, then effects will be produced by all three components. The 
first component, that is the electrons vibrating parallel to the mag- 
netic lines of force, will give rise to waves which are plane polarised, 
the vibrations being parallel to the lines of force. Since these motions 
are not influenced by the magnetic field, the oscillation frequency of 
the resulting waves will be the same as that of the undisturbed light. 
The two circular components will now be seen sideways, and the 
electrons will act as if they were simply vibrating in straight lines up 
and down, or perpendicular to the lines of force. They will thus give 
rise to plane polarised light waves, the vibrations being perpendicular 
to the lines of force. As in the previous case, since the two circular 
motions have not the same period, therefore two of these plane polarised 
rays will be emitted, one having an oscillation frequency greater and the 
other less than that of the original light. When, therefore, the light 
is viewed across the lines of force, each spectrum line should be seen 
to be split symmetrically into three lines, and each line should be 
plane polarised, the two outside components having their plane of 
polarisation parallel to the lines of force, and the middle component 
with its plane of polarisation perpendicular to the lines of force. 
With the apparatus at his disposal, Zeeman ! was not at first able 
to split the spectrum lines into doublets or triplets, but he found that 
the lines were widened, and that the edges were polarised exactly in 
the way he expected from the theory. In order to view the light 
along the lines of force, he took an electro-magnet with holes bored 
through the poles, and so placed it that the axes of the holes and the 
centre of the diffraction grating were on the same straight line. Be- 
tween the grating and the eyepiece were placed a quarter-wave plate, 
to convert the circular polarised light into plane polarised, and a 
Nicol prism. The plate and the Nicol were relatively placed in such 
a way as to extinguish right-handed circularly polarised light, and 
the cross-wires of the eyepiece were set upon the bright line as seen. 
When the current through the magnet was reversed, the spectrum line 
was seen to move. Without the use of the quarter-wave plate and 
the Nicol a widened line was seen. The quarter-wave plate and the 
Nicol extinguished the one edge which was circularly polarised in the 
right-handed direction; on reversing the current the other edge now 


1 Phil. Mag. (5), 43, 226 (1897). 
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became circularly polarised in the right-handed sense, and was ex- 
tinguished, so that the line appeared to move its position. Similarly 
Zeeman was able to prove that when the light was examined across 
the lines of force, the widened line then seen had its edges plane polar- 
ised, the plane of polarisation being perpendicular to the length of 
the line. Michelson! was able, by means of his interferometer, to show 
that the components of a line could be separated, and afterwards 
Zeeman * succeeded in seeing with a grating spectroscope both the 
magnetic doublet and triplet with the cadmium line A = 4800. 

In a later paper, Zeeman? published some results of measure- 
ments between the two outer components of some triplets obtained 
by viewing the light across the lines of force. The sharp spectra of 
zinc, cadmium, copper, and tin were used, condensed sparks from an 
induction coil being made to pass between electrodes of the particular 
metal, and the poles of the magnet were brought up as close to the 
spark as possible without disturbing it. The resulting triplets were 
photographed, the middle component being extinguished by means 
of a Nicol prism, so as to leave the two outer components free from 
any contamination, and thus more readily measurable. Zeeman 
found that the separation of the two outer components varied con- 
siderably from line to line even in the same spectrum; for example, 
in the case of the three zinc lines A= 4811, A = 4722, and A = 4680, 
the separation was equal to 0-8, 0-9, and 1-1 A.U. respectively, while 
with the three lines A = 3345, A = 3303, and A = 3282 the separation 
was too small to be measured. It is important to notice, as Zeeman 
pointed out, that the first-mentioned lines belong to the sharp series, 
while the last three belong to the diffuse series. Exactly similar 
results were obtained with the other metals named. This was the 
first evidence that lines of different spectral series behave differently 
in the negative field. 

Preston,* who worked with a full-size Rowland grating, found that 
the “normal triplet’ is by no means always obtained when a line is 
examined across the lines of force, but that doublets, quartets, and 
sextets are often obtained. Analysis of these groups by a Nicol 
prism showed, however, that they could all be considered as derived 
from the normal triplet, the doublet by the absorption of the middle 
line, the quartets either by the doubling of the middle line or the 
absorption of the middle line and doubling of the two outer com- 
ponents, and the sextet by the doubling of all three lines of the triplet. 
As the result of his observations on magnesium, zinc, and cadmium, 
Preston was able to prove that the Zeeman phenomenon, or as we 
may call it, the Zeeman pattern, is the same for all the lines of any 
one spectral series, the pattern in each case being characteristic of 
the series. He further proved that the Zeeman patterns given by 
lines of the same series type, but belonging to different elements, are 


* Phil. Mag., 44, 109 (1897), LOU AAS and 2 1897). 
ALOT aS) AG ENO (1898). 4 Thid. aa 325 Bes), a 
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the same. Expressing this in modern language, the Zeeman pattern 
is dependent only on the spectral combination (sp,) (p,d,, etc.), and is 
independent of the order number of the line and of the atomic number 
of the element. This was proved, both qualitatively and quantita- 
tively, and is known as Preston’s law. 

As has already been stated, the Zeeman triplet is a natural conse- 
quence of the Lorentz electro-magnetic theory, and it can be shown 
that the separation of the triplet can be calculated from this theory. 
Preston was the first to prove quantitatively that the separation is 
directly proportional to the strength of the magnetic field, and from 
the Lorentz theory it can be proved that the separation of the two 
outer components is given in electro-magnetic units by 


es, dt oe 
A rates ete ies 10> 60H 
where Av is expressed in wave-numbers, e/m is the ratio of charge 
on the electron to its mass, H is the strength of the field expressed 
in Gauss, and.v is the velocity of light. The separation value 4-70 x 
10~® x H is known as that of the normal triplet or Lorentz triplet. 

As the investigations of the Zeeman phenomenon were extended 
by various observers, it was soon found that the normal triplet is by no 
means a common phenomenon and that only a few lines exhibit this 
simple structure. It is true that many lines exhibit triplets, but 
the separations of these triplets are not the same as that of the normal 
or Lorentz triplet. In view of the fact that the theory led to the 
normal triplet, all other Zeeman patterns were given the name of 
anomalous Zeeman effects, and this name has continued to be used up 
to the present day, in spite of the fact that the modern theory has 
explained them as well as the normal triplet. 

In this introductory account of the early work on the Zeeman 
effect there is no need to give a full description of the experimental 
results which were obtained. The enunciation of the Bohr theory 
of spectral series threw an entirely new light on the phenomenon 
and it was not until the energy quantum theory was applied to the 
Zeeman effect by Sommerfeld and by Landé that any real understand- 
ing of the anomalous Zeeman pattern was obtained. All the experi- 
mental observations in these early days which we at present have 
under review were undertaken as it were in the dark, and many ad 
hoc explanations were brought forward, only to be abandoned at a 
later date. It is quite impossible, and certainly unnecessary, to enter 
into any detail of the greater part of this work. I propose therefore 
now only to describe as much of this early work as laid the foundations 
on which the present-day theory has been based. In the next section 
the theory of the Zeeman effect will be discussed and its application 
to experimental observations. Lastly, we may deal with the experi- 
mental technique, including the apparatus and methods of measure- 


ment. 
Keeping within the limitations set for this introductory section, 
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the most important work to which reference must be made was carried 
out by Rungeand Paschen! in the direction of observation and measure- 
ment of many anomalous Zeeman patterns. First may be considered 
the resolution of the lines of the sharp triplet series of mercury. The 
three lines of each triplet give three different Zeeman patterns, one 
for each line. These three patterns are the same whatever is the 
order number of the triplet and the measurements of each charac- 
teristic pattern, when expressed in wave-numbers, are the same in a 
constant field and are directly proportional to the field. This is in 
accord with Preston’s law. 

The measurements given by Runge and Paschen in wave-numbers 
for a field of about 23,000 Gauss were as follows, the letters p and s 
denoting polarisation parallel to and at right angles to the lines of 
force, respectively. 


Com- 


bination, Sc Ss Ss. p. p. p. S; Ss. S. 
(sp) —213 —1r62 —107 —053 0 +055 +1:06 +163 +217 
(2) 295 G2 10°55 + 0°54 +164 + 2:16 
(sp3) — 2°17 fo) +- 2°17 


A diagram of the three anomalous patterns is shown in Fig. 29. 


nanan 
pn ic 
ra 


S 


The triplet shown by the third line (sps) is not a normal triplet, since 
the separation is twice that of the normal triplet. As another instance 
we may take the anomalous Zeeman patterns of the principal pairs 
in the doublet system, such, for example, as the D lines of sodium. 
Runge and Paschen’s measurements with a field of about 30,000 Gauss 
were 
Se Ss Ss. p. Dp. Pp. Dp. Ss Se Se 

D, — 2:28 — 1°43 O77 Ord G + 1°35 + 2°36 
D; — 1°88 — 0:90 + 0°93 + 1°85 


a diagrammatic representation being given in Fig. 30. 


1 Astrophys. Journ., 18, 1547 3): Phy ten ; see 
Ber., 380, 720 (1902). 5) 157, 333 (1902) ; Phys. Zectsch., 3) 443 (1902); Ber’. 
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The principal series of doublets of copper and silver also show 
exactly the same types with identical separations in the same field. 
The sharp series of doublets of these elements show the same types 
but in the reversed sense, that is to say, the line with the smaller 
wave-number shows the D, pattern, whilst the line with the larger 
wave-number shows the D, pattern. This phenomenon is of course 
fully in keeping with spectral series phenomena, and it indicates, 
though this was not recognised, that the Zeeman pattern depends in 
some way on the combination of terms to which the line is due. 

If the measurements given above for a sharp triplet and a prin- 
cipal doublet be examined it will be seen that a very simple relation 
exists for each. For example, the measurements of the latter can 
be expressed as 


DD + 2x 4x phere n= 0463, 


Pp p S 
FIG. 30. 


=——_ 
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Again, the anomalous Zeeman patterns of the sharp triplet can be 
expressed as 


Py NO wea cae 2Y. Lae 3 Yee Ay 
(Spe) ey +3y + 4y >; where y = 0°54. 
(SPs) 0 or 4y 


Now in the case of the D lines the field strength was about 30,000 
Gauss, and therefore the normal triplet separation is + 4-70 X 107° X 
30,000 or 1°41 cm.~14. It follows that x is one-third of the normal 
triplet interval and that the anomalous pattern of the D lines can 
be expressed as 


D, +4a +3a + $a) where a is the normal triplet interval or 
D, +-%a +3a 


Vnorm: 


Again, in the case of the sharp triplet the field strength was 23,000 
Gauss, and therefore the normal triplet interval is + 4:7 X 23,000 or 
+ 1-08cm.~1. It follows that y is one-half the normal triplet interval 
and the anomalous patterns of the sharp triplet can be expressed as 


(sp,) 0 +3 


(Spy) fd 
(sps)O0 +3 
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This relationship was discovered by Runge,! and he showed that all 
the anomalous Zeeman patterns known at that time can be expressed 
as rational multiples of Avpom, that is to say, as integral multiples 
of a/r, where r is an integral number called the Runge denominator. 
This is known as Runge’s law and has proved of fundamental signifi- 
cance in arriving at the true explanation of the anomalous Zeeman 
effect. In the two instances quoted above the values of the Runge 
denominator were 3 and 2, these being characteristic of the principal 
and sharp series of doublets and the principal and sharp series of 
triplets, respectively. The values of 7 are larger in the case of other 
series, for example 7 = I5 in the diffuse series of doublets and 7 = 6 
in the diffuse triplet series. 

There is one further phenomenon to which reference must be 
made at this stage in order to serve as an introduction to its subse- 
quent discussion and explanation. This phenomenon is the asym- 
metry of the anomalous Zeeman pattern and its distortion. This was 
first observed by Zeeman ? with the yellow mercury line at X = 5791 
which gives an asymmetric triplet in which the separation of the blue 
component is less than that of the red component with respect to 
the central line. The difference between the two separations in fields 
of I5,000-30,000 Gauss amounted to from 0-025 to 0:048 A. This 
was criticised by Gmelin? and by von Baeyer and Gehrcke,* but 
definitely established by Zeeman ® with the use of a Fabry and Perot 
étalon. Dufour also showed that Zeeman patterns given by certain 
lines of chromium exhibit asymmetry, the asymmetry being propor- 
tional to the square of the field strength. As the experimental tech- 
nique has improved the presence of asymmetry in greater or less degree 
has become more and more frequently recognised, and indeed it may 
be said that it is generally present. The accurate expression of an 
anomalous Zeeman pattern by rational multiples of the normal 
triplet interval is an ideal to which the actual measurements only 
approximate, but, as will be shown later, the distortion is generally 
of a type which can be corrected in a very simple manner. 

With the foregoing facts at our disposal we may now turn to the 
theory of the Zeeman effect. 

The Theory of the Zeeman Effect.—During the last few years the 
energy quantum theory has been applied to the Zeeman effect with the 
most interesting and important results. The first to succeed in doing 
this was Sommerfeld who first of all gave the explanation of the normal 
triplet and then, by enunciation of his law of magneto-optic resolu- 
tion, paved the way to the explanation of the theory of the anomalous 
Zeeman effect as observed with doublet and triplet systems. This 
explanation was found by Landé. Subsequently Sommerfeld was 


1 Phys. Zeitsch., 8, 232 (1907). 

2 Konink. Akad. Wetensch. Amsterdam, Proc., 10, 551 (1907). 
3 Phys. Zettsch., 9, 212 (1908). , 

4 Deutsch. Phys. Ges. Verh., 10, 357, 423 (1908). 

> Konink. Akad. Wetensch. Amsterdam, Proc., II, 440 (1908). 
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successful in applying the quantum theory to the Paschen-Back 
effect, and then Landé by a very remarkable advance was able to 
formulate a general theory which has enabled him to find the theoretical 
explanation of the complete Zeeman phenomenon as evidenced by 
systems of all multiplicities, not only of the first but also of the second 
order of complexity as instanced by the case of neon. 

In discussing these advances it is necessary for us to deal with 
them step by step as they were made in order to gain an understanding 
of them. It must be remembered that these later developments of 
the theory of the Zeeman effect have led to most important extensions 
of our knowledge of the more complex systems involved in spectral 
series, which in their turn have materially assisted progress in the 
complete elucidation of the magnetic resolution of series lines. The 
progress has thus been such that it is difficult to discuss the two 
fields of work separately. The importance of the newer develop- 
ments of the theory of the Zeeman effect in relation to the newer 
advances in our knowledge of spectral series has already been implied 
if not definitely expressed in Chapter I. The intimate relation be- 
tween the two fields will perhaps be more apparent from what follows. 

The remarkable work of Landé on the theoretical side owes not a 
little to the brilliant work of Back on the experimental side. To him, 
in conjunction with Paschen, we owe the discovery of the Paschen-Back 
effect, and, further, by his individual observations the Landé theory 
has found a complete experimental verification. 

In Chapter I. on series of lines in emission spectra we dealt with 
Sommerfeld’s work on the quantising of the Kepler orbits with respect 
to size and form by means of the azimuthal quantum number k and the 
radial quantum number 7. It is now necessary to extend this to the 
quantising of the electron orbits in space and show that in this way the 
position of the orbits can be determined, that is to say, the quantum 
theory selects from all possible positions of the orbits a discrete number 
which conform to certain quantum conditions. It is of course only 
possible to carry out this spatial quantisation when a certain favoured 
direction is given with respect to which the orientation of the orbits 
may be measured. This may be given either by an external field of 
force or by an internal atomic field, and the former will be considered 
here.2 Even in this case for the hydrogen atom we have not true 
Kepler orbits, since these are deformed through the external field of 
force. If, in spite of this, we wish to deal with the Kepler orbit we 
must pass to the limit when the external field tends to zero. In this 
passage to the limit the disturbance of the orbits by the field of force 
vanishes, whilst the possibility of their orientation with respect to the 
field of force remains. The reason for this is that, whereas the dis- 
turbance of the orbits varies continuously with the field of force, 


1 See below, p. 371. wen 
2 Ann. der Phys., 51, 1 (1916) ; Phys. Zettsch., 17, 491 (1916) ; see also Atombau 
und Spektrallinien, 4th Auflage, pp. 139 and 386, Vieweg, Braunschweig, 1924. 
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the orientation of the orbits is restricted to certain discrete possi- 
bilities. That is why the latter remains after the passage to the 
limit, whereas the former vanishes. 

In place of the two degrees of freedom dealt with in Chapter I. 
we have now three degrees of freedom, g, 6, %, and corresponding to 
these there are three quantum conditions 


[Padg=rh,  [pudb= mh, [pedB—= mb (1) 


The first or radial quantum integral does not differ from that in the 
two dimensional problem, and as was shown on p. 105 it gives 


i _ 1) = ; BIZ) 


and determines the form of the orbit through the eccentricity e. 
p is the areal constant for the orbital azimuth ¢ and as before 


[, 246 = amp = hh ee ere. 
0 


where & is the azimuthal quantum number. The quantum numbers 
m, and m, are known as the equatorial and latitudinal quantum 
numbers respectively, and it may be shown that the azimuthal 
quantum number is equal to the sum of the equatorial! and latitudinal 
quantum numbers, that is to say 


k =n, + ng : : : Sake) 


It can also be shown that 
n, =k cosa : et) 


where a is the angle between the direction of the lines of force and 
the normals to the orbital plane. Combined with (4) equation (5) 
states that 


(6) 


and that there are certain quantum favoured spatial positions of the 
orbital plane characterised by integral numbers. This conclusion, 
in Professor Sommerfeld’s own words, is without doubt one of the 
most surprising results of the quantum theory. 

It must be remembered that, so long as we deal with the limiting 
case of the external force tending to zero, the present results have 
no effect on the calculation of the energy of the orbits and hence 
no bearing on the ordinary phenomenon of spectral series. The 
equatorial and latitudinal quantum numbers then enter into the 
expression for the energy only in the form of their sum, namely, the 
azimuthal quantum number. In other words, the expression for the 
energy and the frequencies of the spectrum lines derived therefrom 
remain the same as in the simple case of the plane quantisation. 
On the other hand, in the case of a true field of force the existence 
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of three quantum conditions becomes essential. Under these con- 
ditions it may be shown that in the meridian position of the orbital 
plane the electron, under the influence of an electric force acting in 
this plane, would finally collide with the nucleus. This may also 
be taken for granted in the limiting case when the external force 
tends to zero, and consequently the number of spatial possibilities 
must be reduced by one, namely, the meridian position characterised 
by m,=0, cosa=0. Sommerfeld states his final conclusion in 
the following words: For any arbitrary azimuthal quantum number k 
there are exactly k quantised positions of the orbital plane which 
are characterised by whole numbers. They correspond to all resolu- 
tions of the number k into n, + mp, including n, = 0 (the equatorial 
position of the orbital plane), and excluding n, =o (the meridian 
position). These k positions are constructed by dividing a radius 
of the equator of the unit sphere into k equal parts and erecting on 
the dividing points (excluding the centre of the unit sphere) right- 
angled triangles. These figures themselves are to be corrected by 
removing the diameter which is at right angles to the equatorial plane 
from the series of the projections of the orbital planes. 

We may now apply the above deductions to the Zeeman phenom- 
enon and show in the first place how the normal Zeeman effect can 
be understood on the quantum theory, making use of the simplest 
atom, namely, that of hydrogen. In the preceding, the orbits of the 
electron have been spatially quantised for a field of force of zero 
intensity and the action of an arbitrary homogeneous magnetic field 
can be reduced to this case, since the superimposed field leaves the 
form of the orbits and their inclination to the magnetic lines of force, 
together with the motion of the electron in the orbit, unchanged, and 
leads only to the addition of a uniform precession of the orbit about 
the direction of the lines of force.1_ The precessional velocity is given 
by 


where the symbols have the same meaning as on p. 311. This law 
holds, provided that the velocity imparted to the electron by the pre- 
* cessional motion is small compared with its normal velocity, and 
indeed this is the case for the hydrogen atom under the strongest 
magnetic field that can be produced. 

Sommerfeld next proves that in the magnetic field the electron 
describes the same path as in the absence of the field, but does so 
with respect to a system of reference which is rotated with a velocity 
o determined by (7). The precession of the system of reference and 
the action of the magnetic field are therefore equivalent to one 
another and interchangeable. It follows that, if we carry over the 
quantising of the fieldless orbits from the static system dealt with 


1 Larmor’s Theorem. 
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above to the precessional system of reference, we shall obtain for 
the quantised orbits with a field the same orbits in the precessional 
system of reference as we obtained for the static system without a 
field. The quantum conditions therefore are set up for the magnetic 
field as in the limiting case when the field was zero. 

By introducing the polar co-ordinates gq, ¢, #, in the precessional 
system of reference we have 


Jeeta =", [ryth= mt, [outd= mh 8) 
from which, as previously, 
I n 
2mp(— Si 1) =rh, cosa= o a fe 2p = (ny + No)h is 
nyh 9 
and also py = a 


The quantities « and 6 are independent of whether they are referred 
to the static or precessional system of reference, whilst the quantities 
pand py are to be measured in the system of reference which is turned 
with velocity o. 

Sommerfeld then calculates the kinetic energy of the electron 
in the magnetic field, E(H), and the kinetic energy in the absence 
of the field, E(O), and he shows that 


E(H) = E(O) + pyo 2, ){50) 
The change in the kinetic energy caused by the magnetic field H is 


given by 


AE = E(H) — E(O), 


whence, by substituting the value of Py given in (9), 


oh 
Abee os a 
= : : ey ee) 
. + . 2 
The potential energy of the Coulomb attraction, a is not 
a 


changed, since the distance 7 in the precessional and original orbits 
is the same within the present limits of accuracy, and hence 


Alea = 0. 


The magnetic change in the total energy, W, of the electron is there- 
fore 


n,oh 
AW = i= : : Ta) 


277 


and the difference of the total energy in the initial and final orbit 
of the electron is given by 


Wy 
AW, — AW, = 0 Yoh sas 


Ww 
ae 
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As was shown in Chapter I. the frequency of a spectrum line ac- 
cording to Bohr’s condition is given by 
hv = E, — E,, 


where FE, and EF, are the energies of the final and initial orbits of the 
electron, The effect of the magnetic field is therefore given by 


hdv = AW, =< AW, = 


277 


and if we substitute the value for o given in equation (7) we have 


eH 
m4nv- 


Av = (m4, 14,) (14) 

Just as in Bohr’s theory of spectral series, the quantum of action, h, 
has cancelled out and consequently in (14) the quantum theory has, 
in a sense, become fatent. It may be noted that in this may be 
found a reason why Lorentz was able to develop his theory on classical 
electro-magnetic lines. 

In order to complete the development of formula (14) it is only 
necessary to apply the principle of selection which in the case of the 
magnetic field only concerns the equatorial quantum number 7). 

This principle was first enunciated by Rubinowicz ! and its appli- 
cation in the phenomena of spectral series was dealt with in Chapter I. 
We are now concerned with the equatorial quantum number 7, and 
the selection principle states that changes in this number are restricted 
to unity or zero, that is to say 


(ny, — %,) = £1 oro. ; : ae KES) 
We have therefore 
tye ge OR eee (16) 
i mies <= Oy ‘ ; 


This result is identical with that deduced from the Lorentz theory, 
for equation (16) not only gives the two lines of the Zeeman triplet, 
which are displaced by the amount Av towards the greater and smaller 
frequencies respectively, but also the undisplaced component. 

The polarisation of the three components is also explained because 
Rubinowicz showed that in a field of force the vibrations due to the 
quantum jump An, = -+ I are circularly polarised with respect to 
the lines of force, whilst the vibrations due to the quantum jump 
An, = 0 are linearly polarised in a direction parallel to the lines of 
force. It therefore follows from (16) that when viewed along the 
lines of force the two external components only are visible and that 
these are circularly polarised in opposite directions. When viewed 
transversely to the lines of force the two external components are 


1 Phys, Zeitsch., 19, 441, 465 (1918). 
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linearly polarised at right angles to the lines of force; in this case the 
central undisplaced component is visible and is linearly polarised 
parallel to the lines of force. 
We may now consider the various quantum number transitions 
which are possible and take as our instance the red line of hydrogen 
H,. As was shown in Chapter I. the wave-number of this line is 


given by 
I I 


The total quantum number of the initial orbit is therefore 3 and that 
of the final orbit 2. The total quantum number is the sum of the 
radial, latitudinal, and equatorial quantum numbers, and we .thus 
have 7 + n, + n, = 3 for the initial orbit, and for the final orbit we 
may write R+N,+N,= 2. It follows from what was said above 
that in the transition N, = 7,, parallel polarised components will be 
obtained, and perpendicularly polarised components in the transitions 
N= lee 

’ We are now in a position to enumerate the quantum number 
transition for the p- and s- components of the H, line, and these are 
given in Tables CXLVII. and CXLVIIL, it being remembered that 
the selection principle does not apply to the radial quantum number 
and that, as previously stated, the value n, = 0 is excluded. Table 
CXLVII. contains all the possible transitions RN,N, = rn,n, for 
which N, = 1, and R+ N,+ N, = 3~r+n,+n, = 2; similarly 
Table CXLVIIL contains all the possible transitions for which N, = 
aie Le 


TABLE CXLVII. TABLE CXLVIII. 
Ha p-components, 42, = 0, Ha s-components, 47, = + 1. 
RN.N, > rm, RN.N, > rnqn, 
O12 —> 002 003 —> 002 
(102 —> 002) 102 —> IOI 
III —> Io! (102 —> or!) 
(111 + 011) 012 +> oll 
(201 —> 101) (012 —> ror) 
201 —> OI! 201 —> 002 
021 —> OL 021 —> 002 
(021 — 101) (111 —> 002) 


In Chapter I. it was stated that the selection principle restricts the 
transitions in the azimuthal quantum number k to 4k = +1. Since 
k = ny + ny, it follows that all transitions are forbidden except those 
in which N,+N,=m,+",+1. The forbidden transitions are 
bracketed in the above tables. 

It must of course be noted that all the remaining transitions given 
in Table CXLVII. conform to the condition An, = 0 and that from 
the present standpoint they all lead to the central component of the 
normal triplet. In the second table the same is true, but here the 
transitions give two components displaced in opposite directions by 
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the normal triplet interval. As has already been shown in Chapter I. 
the individual transitions become of importance when the phenomenon 
is treated from the standpoint of relativity. 

The Anomalous Zeeman Effect.—We may next turn our attention 
to the application of the quantum theory to the anomalous Zeeman 
effect, and once again are we indebted to Sommerfeld in that it is 
largely due to him that the problem has been solved and a complete 
explanation found of this phenomenon. The first step made by him 
was the enunciation of his law of magneto-optic resolution which 
deals with the Runge denominator.1_ Just as in the general theory of 
spectral series the combination principle is the fundamental basis, so 
Sommerfeld starts from the point of view that the same principle 
must also hold for the anomalous Zeeman effects. The magneto- 
optical resolution denotes the transition of the atom from an initial 
to a final configuration. The magnetic field influences the energy 
of the initial and final configurations separately, and also influences 
separately the two terms the difference in which denotes the spectral 
series line. If the frequency of the line is denoted by v = », — », 
then the magnetic resolution of the line is given by 


Av = Av,— Avy. . ‘ , . (18) 
By Runge’s rule we have 
Av = 44 i a a es A a 5 


but the basis of this formula is to be found in the behaviour of the 
two terms, and consequently we may write 


"Ae iA Vooraa oe “£0, — 2A Viganet a & 120} 
1 2 
It follows from (18) and (19) that 
oe ay, SB NS a ; (21) 
PieGte My. fats 


Since Z, oe and 2 are all rational numbers, it follows that the intervals 
between the eonaauent of the magnetically resolved line are integral 
multiples of the product 77... We arrive at the conclusion, therefore, 
that 

ot Ae ‘ ‘ : oa(22) 
or, in words, that the Runge denominator of a given spectrum line 
resolves into the Runge denominators of the two spectral terms of 
that line and is composed of their least common multiple. This is 
Sommerfeld’s law of magneto-optic resolution. This law is of con- 
siderable importance since it not only enables us to resolve the ob- 
served Runge denominators into smaller factors, but it endows them 
with a meaning that is accessible to observation. 


1 Ann. der Phys., 63, 221 (1920) ; Atombau und Spekirallinien, p. 612. 
VOL. III. 2I 
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In applying this law to experimental facts we may first take the 
case of simple lines which exhibit the normal Zeeman effect. It is 
obvious that in these lines : 


i zeae 


and that for the two spectral terms which compose such lines 
ie eo 


Since the sharp term of any series system whatsoever is a simple term, 
even in the case of complex systems, we may state as our starting 
point that the Runge denominator of the sharp term in any com- 
bination is always equal to I. 

In the case of doublet systems, the principal and sharp series 
exhibit, as described on p. 313, a magnetic resolution for which the 
Runge denominator 7 = 3. Since in both series the value of 7, for 
the sharp term ‘is I, it is obvious that the value of 7, for the w term 
must be 3. In the diffuse (78) series where the Runge denominator 
is 15, there are two possibilities. We have already found that 7, 
for the 7 term is 3 and since the value of 7 = 15 1s the least common 
multiple of 7, and 7, the value of 7, for the 6 term may be either 5 
or 3 X 5. On the simpler assumption that 7, = 5 we have the fol- 
lowing. scheme for the Runge denominators of the various terms of 
the complete doublet system :— 


G 7 ) d x y 
I 3 5 7 (9) (11) 


the numbers in brackets being extrapolated. 

In the case of the triplet systems the Runge denominator of the 
principal and sharp series is 2 and consequently, since again we have 
7, = 1 for the-sharp term, 7,= 2 for the principal term. In the 
diffuse (pd) series the Runge denominator is 6 and therefore the 
value of r, may either be 3 or 2 X 3. It is possible here to choose 
between these two alternatives by reference to the combination (Pd) 
between the singlets and diffuse terms. Since in the case of all 
singlets r = 1, it follows that the Runge denominator of the lines of 
this combination must be identical with that of the diffuse term. 
The observed Runge denominator of the Pd combination is 6 and there- 
fore the value of 7 for the d term must be 2 x 3. Sommerfeld gives 
the following scheme for the values of the Runge denominators of 
the various terms in the triplet series :— 


5 p d i x y 
T TiX2 Pes 8 GA cas) er en) 


the two last values again being extrapolated. 

It is obvious that the magneto-optic resolution law of Sommerfeld 
has done much to simplify the apparently complex nature of the 
anomalous Zeeman effect as is shown in weak magnetic fields. The 
knowledge of the Runge denominators which we have gained gives 
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us the first step towards the formulation of the complete theory of the 
Zeeman effect. 

For the solution of the problem of the anomalous Zeeman effect 
we are indebted to Landé who applied Sommerfeld’s law of magneto- 
optic resolution and also his conception of inner quantum numbers, 
together with the selection principle and the rule of polarisation. 
There is no need to give a detailed account of the various stages in the 
development of Landé’s theory owing to the fact that the later ad- 
vances in our knowledge of the multiple terms, dealt with in Chapter L., 
enabled him to make a remarkable generalisation which renders un- 
necessary any reference to some of the earlier intermediate steps. 
In order to understand the later work it is, however, incumbent on us 
to consider in some detail his first step, namely, the explanation of 
the anomalous Zeeman effect as observed with the spectrum lines of 
elements having doublet systems, such for example as sodium,! even 
though here we must make use of the values for the various quantum 
numbers as fixed by the later work. 

As may be seen from the account given above of Sommerfeld’s 
application of the quantum theory to the normal Zeeman effect, the 
original energy of the Kepler orbits W, becomes changed by the 
magnetic field into 


W=W,+ mho, . : : - (23) 


if we replace the equatorial quantum number nm, by m and write o for 
the normal triplet interval. 
In the case of doublet systems Landé put forward the equation 


W = W,(J) + mh=0 : ; : . (24) 


The original energy is different for the two doublet levels and this 
is the meaning of the symbol W, (1). In the second term on the right- 
hand side I is the Landé value of Sommerfeld’s inner quantum number 2 
and r is the Runge denominator for the particular term level. In 
the following account of Landé’s work it is necessary throughout to 
adopt his values of I in preference to the 7 of Sommerfeld. 

In this expression m has the values 


toe AEG ae, SS oe ee (le Pay) aE) 


It follows that the application of a magnetic field resolves each indi- 
vidual term level into a definite number of magnetic levels, the number 
of which is equal to 21, the maximum value of m being + (I — 9). 
It is obvious from (24) that the energy difference between the 
original undisturbed level and the first magnetic level will be given 
by I/r, whilst the energy difference between any two consecutive 
magnetic levels will be given by 2I/r since the difference between any 
two consecutive values of m is unity. We may now set out the values 


1 Zettsch, fiir Phys., 5, 231 (1921). See p. 146. 


324 SPECTROSCOPY 


of Land r for each of the term levels of a doublet system, the values 
of I having already been given on p. 148 and the values of r being those 
of Sommerfeld as explained above.t 


I fe 
Co I I 
Te 2 3 
Ty I 3 
, 3 5 
dy 2 5 
ba 4 7 
bs 3 7 


We have, therefore, for the difference between two successive magnetic 
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all these walues, of course, being in terms of A vporm.- 

In order to render the position more clear we may draw up a 
schematic representation of the various levels into which each original 
level is resolved by the action of the magnetic field. Fig. 31 givesa 


1 : iat ah 

; The subscripts to the symbols for the term levels here used are based on the 
inner quantum numbers and are in the reverse order to the ordinary spectroscopic 
nomenclature (see p. 145). : 
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diagram of the magnetic levels for the o, 7; and 8, terms, which is 
self-explanatory when it is remembered that from (25) the maximum 
value of m for each term is + (I — 4), and that the difference between 
the original energy level and the first magnetic level is + live ia 
order to determine the Zeeman pattern of any spectrum line it is 
necessary to take the differences between the magnetic levels of the 
two spectral terms, the original levels of which combine to give that 
line. For example the D, line is due to the combination o — 7, and 
to obtain the anomalous Zeeman effect as shown by this line we must 
find the differences between the two magnetic levels of the o term and 
the four magnetic levels of the a, term, subject to the restrictions 
set by the selection principle and the rule of polarisation. These 
may for convenience be once again stated— 

Am = + 1 gives s-components, 

Am= 0 gives p-components. 


In Table CXLIX. are set out the values of the magnetic levels 
for the o and zy terms.} 


TABLE CXLIX. 


Transition in I, AI = — 1. 
3 | i 3 
40 me eee) +2 +2 
o- =| Hy 
Ee to A Oe A 
Ne we =} 3 aS 
3 5 a aL I ep Brig 
+3 +3 +3 3 3 3 
SO SS SS 
S Pp J 


and the arrows indicate those combinations which are permitted by 
the selection principle. The vertical arrows indicate the transitions 
for which 4m = 0 and which give the p-components, whilst the oblique 
arrows indicate the transitions for which Mm == +- 1 and which give 
the s-components. The values given in the bottom row of the table 
give the displacements of the components of the magnetically re- 
solved spectrum lines with respect to the undisplaced line in terms of 
Avporm- These displacements are as follows :— 


an See eee 
p-components] : ara eee 
t Sie ery 
(nay oa a i 
S J =-+ 3 . 
s-components: ee : a ‘ gy; sce 2S 
oa ae ee | 
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1 In this table and in all subsequent tables showing the combinations between 
magnetic levels the transverse Zeeman effect is dealt with, that is to say, the com- 
ponents derived from the combination schemes are always those seen across the 
lines of force. It is obvious that this is the only method for the proper elucidation 


of a complete Zeeman pattern, 
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If we enclose the p-components within brackets the whole Zeeman 
pattern can be expressed very simply by 


Sia es 
3 


it being understood that this is in terms of Avporm. 

The same method may be applied to all the possible combinations 
in a doublet system, but before this is done we may consider for a 
moment the question of the relative intensities of the various Zeeman 
components. The following rule of intensities has been established 
as the result of experimental observation, and Landé has given a proof 
of it by Bohr’s correspondence principle.} 

When two terms combine together which are resolved into a 
different number of magnetic levels, the strongest p-components are 
given by the transitions in the centre of the schemes, such as in Table 
CXLIX., and the strongest s-components are given by the transitions 
at the extreme ends of the schemes. When two terms combine 
which are resolved into an equal number of levels the results are 
reversed, that is to say, the weakest lines are given by the above 
transitions. 

It follows from this rule that in the case of the combination (e7,) 
set out in Table CXLIX. the strongest s-components will be those 
with the displacement + 2. It happens that in this case there is 
only one pair of p-components which will be strong. The convention 
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* Zettsch. fiir Phys., 5, 231 (1921). 


THE ZEEMAN EFFECT 427 
has been adopted of expressing the more intense components in heavy 
type and the Zeeman pattern given by the D, line is expressed by 
(1) 35 


Pe) 


=e 


We may now consider the remaining combinations in the doublet 
system and these are set out in Tables CL. and CLI. 

The line (77,5) does not exist, because the combination involves the 
transition in the inner quantum number JI = 2 which, as we have 
already seen in Chapter I., is forbidden by the selection principle. 


The three (6,4;) combinations give the Zeeman resolutions shown 
in Table CLI. 


TABLE CIE: 
é ee ee ee 
1 re ge Se SS 
4 7 7 7 7 a7 dary ag 1 
+(1) (3) (5) 35 37 39 41 43 45 
(d54,) ST CRT) aR ae So 
5 3 I 1 3 5 
Te ae “3 2 Lao} ae a2) 
1 
ee ee ee a ae 
+(6) (18) (30) 12 24 36 48 60 
(033) e 
6 2 2 6 
02 5 75 Te a 
1 ah p< pe 15 
Ge ee be ge ee a ee 
+(1) (3) 27 29 31 33 
pd: so sae 


The next system of multiple terms which comes under our notice 
is the triplet system, and there is no need to deal with the earlier 
formula which was developed by Landé for the magnetic levels into 
which each term of this system is resolved. It must be remembered 
that the later work on spectral series has shown that there are two 
types of systems, namely, those of even multiplicities, 1.e. doublet, 
quartet, etc., systems, and those of uneven multiplicities, 7.¢. singlet, 
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triplet, etc., systems. This development of spectral theory was dealt 
with at some length in Chapter |. In view of the fact that Landé has 
succeeded in finding a complete solution of the problem of the magnetic 
resolution of every term of any system of multiplicities, it is advisable 
to omit the intermediate steps and discuss his so-called “ g”’ formula 
which was obtained, as Sommerfeld says, by a piece of very daring 
inductive reasoning. 

Before proceeding to discuss this g formula we may once again 
refer to the values of m or equatorial quantum number used in the 
case of the doublet systems. These were 


Mm = 


LS) 


.+(I1— 4). 

The maximum value of m is thus equal to + (I — 4) and the first 
point we have to notice is that this is perfectly general for all systems 
of multiplicities. Further, the difference between any two consecu- 
tive values of mis equalto unity. In general, therefore, for all systems 
of multiplicities the values of m are given by 


te] ts 


3 
) Q9 


UE" aie iGivws ae (imax ae ¥), Be Ula ze 2), etc. (26) 


The values of Landé’s quantum number I for each of the multiple 
systems were given on p. 148 and for even multiplicities 


Da="2y 2353, venue, 


The values of m for doublet, quartet, sextet, and octet systems are 
thus half-integral, namely, 


Me Cie ee oy ea CORA j sp Key 


For uneven multiplicities we have 


and consequently max is integral and the values of m for singlet, 
triplet, quintet, and septet systems are also integral, that is to say, 


i 0; IT, +2, + 3, etc. , . (28) 


_ In discussing the magnetic resolution of the doublet terms above 
it was shown that the energy of the magnetic levels can be expressed 
by 


W = W(I) + mh™o, 


where r is the Runge denominator of the term and o is the normal 
triplet separation. The magnetic levels can therefore be expressed 
by 
Av DiI 
=% 


0 
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The factor 2I/r only applies to the doublet systems and Landé’s 
generalisation states that in any system of multiplicities the magnetic 
levels are expressed by 


—" = mg 2¢ 
ap Oe : ; : .- 129) 


where g is a characteristic constant for each term level and is known 
as the ‘‘ resolution factor.” 

Before dealing with Landé’s formula for the calculation of g, we 
may give the values of this constant for singlet, doublet, and triplet 
systems, together with the corresponding values of I and max. These 
are set forth in Table CLI. 


TABLE CLII. 


- 


Singlet Doublet eas Triplet 
fermi 4 2 Dt Cp eets On Og On S) Py, aD em etn ees 
cl[e cH 4.8 S4lt 8.8 8 4 2 
Mamas!» Vira ste So GdeeR Bie he 4G, Ge 


The values given for doublet systems are the same as those previously 
used. We may next consider the Zeeman pattern given by spectrum 
lines belonging to triplet systems and this particularly because an 
extension of the selection principle or intensity rule must be intro- 
duced. The (sp) and (pd) combinations are given in Tables CLIII. 
and CLIV. 


TABLE CLIII. 


A/=-1 AZ-=0 Al= +1 
Hits tke | Olt let 7 1 OD i Cie Our 
=—2 09 +2 Ss  =2 0 ap ys =2 @) +2 
NAS AY Pend alia 

Pe -$ =) 0 +3 +5 A -3 0 +f Po 0 
(SP2) stl Ee (sp) std (spo) as 


In the case of the (sp,) combination the p-component, Av = 0, is 
missing and it will be seen that this component is given by the tran- 
sition m—>m==0O->0 when the transition in I is also zero. As 
a matter of fact it is always found that the p-component due to the 
transition m—>m=0O->0 is always missing when J4I=o0. We 
must therefore look on this either as a special extension of the selec- 
tion principle or alternatively that under this special circumstance the 
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p-component has zero intensity. This is indicated by the vertical 
dotted line in the scheme for the (sp,) combination and the same « 
is done in Table CLIV. for the (p,d,) and (p,d,) combinations. 


TABLE CLIV. 
Losi =I 
GD = 3 =B =) OMe tart =e tS 
3 6 
P2 ea ae 


\ 
x 
xX 
x 
X 
e 


ye Aas 4 4 8 12 
de Ze =) 0) +g ea te 
+(O) (1) (2) 6 7 8 9 10 
(Ady *! - 
A/s/=0 Als/--1 
m-2 -} 0 +1 +2 iN = 2" =f Oe 
3 6 3 3 
Eth cd 
eds aed La on 
Gate fee eae OPEC ar 6 Tote eae 
+(2)(4)5 79 11 +(0)(2) 5 7 9 
(fra) 5 (pd) “CPS TS 
A/= +1 A/=0 A/=-1 
Uf 72 sl @) +1 ae Ui = 0 aoal Gap hi 0 a | 
Bae y a 10 Ua mae Pica en Ola imaare vie 
Ay 0 ed HO Ek 
+0) (2)1 3 5 +(2)1 3 +(0) 1 
ON CNN (Pod) 5 


Reference may again be made to the fact which follows generally 
from Tables CLIII. and CLIV., namely, that the number of magnetic 
levels into which any spectral term is resolved is always equal to 21. 
This is of great importance, since it enables us to determine from 
observation of the Zeeman effect the value of I for any spectral term, 
a determination of manifest significance as regards the particular 
system of multiplicity to which the term belongs. This is far superior 
to the use of the selection principle as was previously done in the 
work on multiplet structure described in Chapter I. 

If the resolution factor g and the quantum number I were known 
for every term, we would at once be able to calculate the various 
magnetic levels mg for every term. With this knowledge at our 
disposal it will be a simple matter to determine the complete Zeeman 
pattern for every spectral line with the help of diagrams such as those 


THE ZEEMAN EFFECT 


331 
ABER CLV: 
Avy = : ; : eye em ae 7 Pe AS i es ie ee et 
ik a UI Gale, ei BE onl ONE tee Samia 
Aye 2a) ON ie! Pe on 2 2 Hee Re fe Ce Oy eT The S I 
K Singlet system Doublet system K 
aE. Res 2 I 
2/0 as 2 R- - r 
3 , 2 4 3 
2 3 3 2 
3 : OG 5 
2 RG 2 
t a: 7 
2 - 77 2 
9 8 Io 9 
Zz . oie 9 
2 9 9 2 
I Triplet system Quartet system | 1 
2 ys Res 4 R= 2 
eee 2 8 26 8 at 
eeped abs 315 § 2 
5 ee vi 6 489910 5 
— cao Ls ALS oO ice Bs Bee — 
2 panos 3 5235.1 7 2 
7 2 13 4 2°36 978 4 ers 
2 33 U2) 55 5730), oe 6S 2 
9 3 21 6 4 62 116 14 9 
2 Amen 20 a 55 7 63 99 II 2 
I | Quintet system Sextet system I 
2| c jee e es 2 
3 ae ; 12 66 12 Zp 5: 
2 | 2 6 3 SESe 7 2 
Bao 5d Fae oS SS to 28 58 100 14 5 
BLO 2-02 og ob G Be Gd TE 2 
Z are ee A Bere AO SSE ete 7 
2 4 20 5 Si 85, 35 63. 90 at 2 
9 | 1 31 23 19 4 o &§ 8 4 192 18 |9 
2 Bucs Onc) ag i 7 Gk WEN 2 
I Septet system Octet system | I 
= 2 Us 2 Ss | 2 
2 R= ie 
S Fe k23 ay “ 16 122 16 2 3 
2 Be ass es es) | 2 
5 ee en ae 8 ey Ove hee eee cs 5 
2 hie Por i a ee ah 2 
(ie OMe See eS eae ae) ree I? 34 52 222 20 7 
Date Ome 205 yo des) os 6 Wi ote 933 BTA3 is 2 
9 ay ees 7 13 41 59 IO | _ 4 14 44 86 140 206 284 22 9 
2 | S26 6 400536 aa F nic aeseemeOape OO, T4S. 165 184% 
K K 
eee. ays It 13° 15 Tae eA eS Gi Re See El 
Oe et ee ae ee agp aes AS ee ey 
Ay = fer awtidie Sik Gus 07 ee ee 


332 SPECT ROSCORY. 


given above. Now Landé shows! that the values for g for all the 
terms of the multiple systems given in Table CLV. on p. 331, that is 
to say, all the spectral terms of the first order of complexity, may be 
calculated in a very simple manner from the quantum numbers R, 
K, and I for each term. The meaning of these numbers was given in 
Chapter I., p. 146, and may briefly be rehearsed here. R is the 
quantum number determining the multiplicity of the system, that is 
to say, R = 4, 3, 2, 4, etc., for singlet, doublet, triplet, quartet, etc., 
systems. K is Landé’s value for the azimuthal quantum number 
and K= 3, 3, 3, etc., for the sharp, principal, diffuse, etc., terms. 
Landé’s formula for g is 


2 kR2 ss K2 
gS apts : : =. (38) 
and this may be written in the form 
pa14 oh, B-2- B44 
eS T FSH 1 (FF 
or (31) 
fe Ve eR a ee) 


a(I + 4)(I— 4) 

In Table CLV. are set forth the complete set of values of the resolution 
factor g for all the terms of the multiple systems of the first order 
of complexity, the general form of the table being the same as that 
of Table LXI. on p. 148. 

The values of g given in Table CLV. have all been calculated by 
means of Landé’s formula, and from them the anomalous Zeeman 
pattern for any spectrum line can be calculated. As an example 
we may take the line represented by the Landé symbolic method as 
2, — n3,, that is to say, the line (p,d4) of the quintet system. From 
Table CLV. we obtain the following :— 

Ps g=3, I=, therefore mmax = 3 


3 


Oh > 3) I = 3 therefore max = i 


The magnetic levels and the result of their combinations are given 
in Table CLVI. 


TABLE CLVI. 
Ailv=see==ete 
aor ae ee eS O +1 42. 46 44 
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* Zeitsch. fiir Phys., 15, 189 (1923) ; see also E. Back and A. Landé, Zeeman- 
effekt und Multiplettsiruktur der Spektrallinien, p. 39, Julius Springer, Berlin, 1925. 
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As will presently be shown the experimental investigations of Back 
have proved that the Landé g formula is completely justified. 

Before considering Landé’s theoretical basis for his formula, we 
may review Sommerfeld’s discussion of the subject, which is of some 
interest in view of the different values he adopts for the three quantum 
numbers R, K, and I. In Chapter I. we dealt with his inner quantum 
number z which is the multiple of the mechanical moment of momen- 
tum th/2m. To this there corresponds a magnetic moment w, and the 
relation between @ and 7 on the classical theory is given by 

=e ; ; 2 = (29) 
where p’ = < ; ves that is to say, w’ is the fundamental unit of the 
magnetic moment or the Bohr magneton. 

Now the magnetic energy of the atomic state depending on a 
particular orientation of the atom, if the axis of w coincides with that 
of 7, can be expressed by } 


AW 2 cos jo thyos, : , 433) 
that is to say, it is equal to the work which the magnetic field does 
by the gradual increase in the moment of momentum yp. In order to 


obtain an expression for this work we must consider the precession 
of « with respect to the lines of force, and, remembering what was 
said above about the axis of w and the axis of 7, we have 


m 


COs: (ppil) = eos (1) Hh) == ae : nC) 
and therefore 

AW = Hm. Sse al SU” SE 

From this, on division by h, we obtain the magnetic resolution 

H 

Av= _.-m.. ; « (36 
4 ? h (3 ) 
If now the resolution be expressed in terms of the normal triplet 


interval Avporm and ye be expressed in terms of the Bohr magneton, 
then (36) can be written in the simple form 


eo 
Ay =m. : . (37) 


Equation (37) shows that if the classical relationship holds between 
pand @ as given in (32) the normal Zeeman triplet only can be obtained, 
since by substitution in (36) we obtain 


H 
Sie — KS 


As 4m = 0 or +1, the normal triplet is obtained. 


m = MA Vrorm- 


1 Ann, der Phys., 73, 209 (1924) ; see also Atombau und Spektrallinien, p. 618. 
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On the other hand, the true quantum relationship between p and i 
which leads to the anomalous Zeeman effect, must be such that p/2 is 
a rational number which is independent of the principal Bohr quantum 
number x and the nature of the atom, that is to say, the atomic number. 
Runge’s law, as we have already seen, establishes the fact that p/2 is 
a rational number, whilst it is evident from Preston’s law that this 
number is independent of 2 and the atomic number. 

Now the rational number p/7 is Landé’s resolution factor and we 
have therefore 


gat. , ; : - (38) 


As can be seen from Table CLV. the value of g for each s term is 2, and 
consequently, if we write 7, for the value of z for the s term, we have 


[f= 21, : : , = (30) 
that is to say, the magnetic moment of the sharp term is twice the 
mechanical moment. 

Further, for all those atomic states whose values of 7 are given 
by summation of 7, and z,, in equal sense,! we have : 


fb = 21,+ 1, : 5 : - (40) 
By division of this last equation by i = 7, + 1, we have 
wa iooes Oe en k—I 
Be gle ote ae : a 4a) 


There is no doubt from Runge’s and Preston’s laws that the resolution 
factor g must be expressed in terms of the quantum numbers 7,2 
k, andi. If, as on p. 141, we put 


tae i = 21, 4- I, 
we can write Landé’s g formula as 


pee ee ie) tee) 


2i(i + 1) iT Shame 


This formula can be written as follows :— 


CaN Ney ean, eee 


— if Ms DOES) a 
e LicEe 1)" 2i(¢ + 1) 
poe, A383 | 12 tits + it, tq” { ts ee 
cae 21(¢ + 1) 
= 8 Mi ta ae et 
ee eee 


1 This means, as was shown on Pp. 142, that z = 7pay 
The meaning of 7 here used is the 
term system (see p. 141). 


= 2, + ta} tq = 2 — 1. 
permanent multiplicity of the spectral 
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By substitution in (42a) of 7=7, + 7%, and subsequent division by 
z+ 1, we have 


ee ep oe ee 

whence 
p= ig = 21, + tq: 

As this is the same result as was obtained above in (40) we find a 
theoretical basis for Landé’s g formula. Sommerfeld gives in his 
book a table of the values of g for the different levels of the spectral 
terms calculated from (42a), but since these values are the same as 
those given in Table CLV. they need not be repeated here. Sommer- 
feld, however, uses his own values of 2, 2,, and 7, in place of Landé’s 
I, R, and K. 

The development of the theoretical basis as given by Landé for 
his g formula is somewhat more complicated. The symmetrical 
formula given in (31), namely, 

_ gt DU P+ R+PR-Y- (K+ HK-P 

a a 1 I z . 

2(1 + 3)(1 — 3) 


may be written in the form 


2+ R8— K2 
SA ae i ol bana 


where I stands for the geometric mean ~/(I + 4)(I — 4) and R and 
K have similar meanings. Now (44) may be expressed as 
I+ R (cos RI) 

and can be interpreted as follows. The magnetic levels mg, if we put 
cos (IH) = cos 9 = m/I (compare equation (35) above), have the 
values 


(45) 


o= 
oS 


Av = omg = ol cos 8 + oR cos 8 cos(RI)_. . (46) 
where 0 = Avpom- 
In the case of the normal triplet, where g = I, we have 
Avaorm = 0m = ol cos 8 , . (47) 
By the precession of R and K with respect to I and the simultaneous 
precession of I with respect to H we have the mean values 
cos (R, H) = cos (R, 1). cos (I, H) = cos (R, J) cos 8 
cos (K, H) = cos (K, I) . cos\(I, H) = cos (K, I) cos @ 
and equations (46) and (47) pass over into 


Av = omg = olK. cos (K, H) 4+ 2R . cos (R, H)}] 


and (48) 


Avnorm = 0m = [K.cos (K, H) + R. cos (R, H)] | 


336 SPECTROSCOPY 


It follows from these equations that the abnormal Zeeman effect is 
connected with the fact that the atomic trunk has double the value of 
magnetic energy as in the normal case. This is the same conclusion 
as that arrived at by Sommerfeld’s reasoning in equations (39) and 
(40). This statement is the same as that the Larmor precession of the 
atoms in the magnetic field is not equal to o but to og. 

Landé says that there remains unexplained the necessity for the 
use of the geometrical means R, K, and I in place of the values R, 
K, and I which were previously employed. Furthermore, the use 
of half-integral quantum numbers for R, K, and I would seem to 
break through the fundamental principle of the quantum theory. 
On the other hand, the use of half integral quantum numbers is equally 
forced on us by the phenomena of emission band spectra, as will be dis- 
cussed in Chapter IV. The most recent observations of Curtis would 
seem to require quarter-integral quantum numbers for their ex- 
planation. Whilst this latter conception might seem to be somewhat 
ad hoc, the half-integral values are definitely justified. At the present 
state of development of our insight into these atomic phenomena, it 
does not seem that the half-integral values of quantum numbers 
need cause undue concern. The essential feature of the whole is 
the quantum jump, not the size of the initial and final quantum 
numbers, and in all the scales of quantum numbers employed by Landé 
‘or by Sommerfeld the quantum jump is always integral or zero. 

Turning once again to the values of the resolution factor g given 
in Table CLV. there are one or two interesting points which are worthy 
of consideration. 

In the first place, we find in the uneven systems of multiplicities 
the following four conditions in Sommerfeld’s notation :— 


Singlet =) Pe XO) s term, 
Triplet t=O Beg Bikes | p term, 
Quintet TO Jay) d term, 
Septet UO 1 Ss f term. 


In all four the value of g is indeterminate and is given as ®. 

Again, in the even multiplicities we find that g = 0 for the d, term 
of the quartet system and the g, term of the sextet system. When 
a line due to the combination of any two of these terms is examined 
in the magnetic field it shows no Zeeman effect whatsoever. 

In the second place, we have in the uneven systems of multiplicities 
the condition in Sommerfeld’s notification that 7,=7,. As can be 
seen at once from equation (42a) this at once leads to g = 3, which 
therefore is true for all the levels (except the first where 7 = 0) in the 
particular horizontal row. 

In the third place, attention may be drawn to the fact that the 
average value of g in any horizontal row of the table is equal to 1 
when the permanent number of multiplicities has been reached, and 
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equal to 2 when the number of terms is less than the permanent 
number. This may be illustrated by the quartet system, thus 


S venm g=2. 

p terms sum of three values of g = § + 26 4 c= 0 — 6, 
Average, g = 2. 

dterms sum of four values of g = 0 + ete t+ eS 4 
Average, g= T, 

f terms sum of four values of g = 34+ 384 78 4 4 — 4, 
Average, g = I. 

g terms sum of four values of g = 4 + 82 4 118 - it =4, 


Average y= 1, 


This was first pointed out by Heisenberg,’ and will be discussed in 
greater detail below. 

We may now consider the application of the g formula to the ex- 
perimental observation of the anomalous Zeeman effect, and for this 
we are indebted to Back.2 This investigation established beyond 
question the validity of Landé’s g formula and, as was shown in Chapter 
I., p. 149, proved that the terms functioning in the are spectrum of 
manganese belong to systems of even multiplicities, and that the terms 
functioning in the spark spectrum belong to systems of uneven 
multiplicities. 

The problem before us is the determination from a given Zeeman 
resolution picture of the values of I and g for the two terms, the 
combination of which gives the original undisturbed spectrum line. 
It is convenient to use the conventional integral values of 7 in place 
of those of I which are half-integral for the systems of uneven multi- 
plicities. This convention was dealt with in Chapter I., p. 147, where 
it was shown that 7 = I for even multiplicities, and 7 = I — 4 for 
uneven multiplicities. We have already seen that the equatorial 
quantum number m takes the values 


m=+4 +23 + 
m=-+0 +1, + 

It follows at once that 
Mmax + 4 = 7 for even multiplicities 


(I — 4) for even multiplicities. 


© 


WN neler 


(I — 4) for uneven multiplicities. 


ibs: = 1 for uneven multiplicities | (49) 
The half-integral values of m for even multiplicities lead to the dis- 
tribution of the p-components of the resolved line in the series 1, 3, 5, 
ete., whilst the integral values of m for uneven multiplicities lead to 
their distribution in the series 0, 1, 2, etc. This can be seen in Table 
CLI for the (8,4,) lines of the doublet system and in Table CLVI. for 
the (psd4) line of the quintet system. 
In addition to this we have the information given by the intensity 


1 Zeitsch. fiir Phys., 8, 273 (1922). ® [bid., 15, 206 (1923). 
YOu. Til. 22 
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rules of Landé (see p. 326) which may again be stated here. ~ ~The 
two terms which combine to give the original line may be called « and 
y and their values of 7 and g may be denoted by zz, g, and ty, gy, re- 
spectively. Then 

(a) If i, + i,, the strongest p-components lie nearest to the centre 
of the Zeeman pattern and the strongest s-components are given by 
the combination of the magnetic terms gy, X + Mmax and gy X — Mmax- 

(b) If tg = 72, the outermost p-components are the most intense, 
and the strongest s-components are formed by combinations between 
the magnetic levels mg, and mg, which are in the centre of the com- 
bination scheme, such as shown in Table CLIV. Further, in this 
case the central p-component, Jv = 0, has zero intensity in uneven 
systems. 

It will be seen from these general relations that there must be 
a limited number of fundamental types of Zeeman patterns with 
respect to symmetry relations and distribution of intensity. Every 
Zeeman pattern conforms to one of these types and only differs from 
its fundamental type in the number of its components and the magni- 
tude of the separation of the components. Since there are four 
quantities concerned, namely 7,, ty, Zz, Zy, it would be expected that 
there would be nine of these fundamental types determined by the 
following conditions :— 


I { &a > &y 2 S &x > &y 3 S &a > &y 
Lig > ty te = ty lta <ty 
S &% = &y { Sa = &y f &e =&y 

IV din Boe Nig = Ou eece 

7 { &a<8y g f &e<Su 9 { &&<8u 
ta > ty tq = ty te <ty 


It is obvious, however, that these are not all different because the 
two terms x and y are interchangeable. Clearly the following pairs 
are identical, 1 and 9, 2 and 8, 3 and 7, and 4 and 6, with the result 
that the possibilities are reduced to five, which may be written as 
follows :— : 


1 Sta > ty a Sta > ty 3 / lq > ty 
2 > &y Sa = &y L8a< fy 
f tq = ty ft = ty 

@) Sa F8y 5 La = Sy 


These five conditions lead to ten fundamental types, namely, five for 
even multiplicities and five for uneven multiplicities. The necessity 
for differentiating between the two types given by the same 7 and g 
relation is rendered sufficiently obvious by what was said above as 
regards the separation ratios of the p-components. 

A further simplification becomes possible if we consider the two 
2 and g relations given in 2 and 5, in both of which gy= gy. In 


Table CLVII. are given the four combination schemes for the two 
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relations in the systems of even and uneven multiplicities, and in 
each case we may put g, = g, = 4/3. 


TABLE'CLVII, 

lawty +1 ty=ty 

D2 oO +1 +2 i al amet 
8 : 
meee ee oe ee ee 
eve 
Systems Ales p< PA 
Mey ~3 0 +3 mby-% 0 +4 
+(0) 4 

Type A LOE, type = “0 4_s@g 

ly = ty +1 ly=ty 
3 1 1 é , é 
fy es a en ae 7 
pris Ole 02) 2 6 6 2 2 6 
hae ES ae Mae ee we Mee Gg ge ten mites 
systems Oe at ee 

2 
Sy ee Mi-3 -3 4g +3 

+(0) 4 

Type = A = (Oe: Type =*) 4 _so)¢ 


In each of the four schemes there results a Zeeman triplet with 
two s-components separated by + g from a central p-component with 
Aye d, Jt is perhaps worth mentioning that in the uneven systems 
when 7, = 7y the central p-component is not given by the transition 
m —> m = 0 -> 0, which is forbidden by the special rule, but by the 
transitions dm = 0 when m = 1, 2, 3, ete. 

It follows from this that the two 7, g relations given under 2 and 
5 only give one type which is common to both even and uneven 
systems. The total number of fundamental types is therefore seven 
and these may be described in detail. The numbering of the types 
finally adopted by Back is set forth in Table CLVIIL 


TABLE CLVIII. 


Type I { tx > by 


[i 24> ts : { t= ty All for uneven 
8a < ky cata , ERS oy oa 


ion = ee Sa # Sy multiplicities. 
zy All for even 
# Ly multiplicities. 


f ta > ty ap [ta > ty Type 6 J # 
ype fe <i Sy YPE 5 Lee Sy ype lg 


f 


Type 7 1 7 y for both even and uneven multiplicities, 


ta 
Se = Sy 
Type 7 also is given by the relations of Types 1 and 2 in the limiting 
case when i, = 0. 
In Table CLIX. are given the combination schemes, together with 


39°* 
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diagrams, showing the total number of components and their intensity 
distribution. In these diagrams the upper vertical lines represent 
the p-components, and the lower vertical lines represent the s-com- 
ponents, the length of these lines indicating intensity. In the com- 
bination schemes only those combinations are indicated by arrows 
which give the most intense s-components, these being the most 
important for the purposes of calculation of the four quantities 
1p, tyr Ser Sy For the sake of simplicity the same values of g have 


been used in all the tables, namely, g = § or §. 
QUAIL, CIID, 
dbyipemt. Type 2. 
tn =ty +1, gu<&y eg par Is ey 
DM 3 = 2) a OE LS ae 2 =P 3 m = 2) OU Tee aa 2 =e 
18) 12 6 Gis 12 We 21 14 7 So TA), 20 
Ti @ == SS Ss © PSS Mig = a= SSO ES tS aS 
i “ 5 5 y < 5 5 i omeaes 
mE&y Ate io tee ME y BON ar are 
5 5 5 5 5 5 5 5 
+ (o)(1)(2) 45 67 8 + (o)(1)(2) 567 8 9 
5 5 


THe en 
(2)(3) 456789 + (z)(3)9 11 13 15 
5 ite) 


THE ZEEMAN EFFECT ‘ 341 
Type 5. Type 6. 
Zq ='ty +1, La > Ly ty = ly, Sa ty 
= Se ee I 3 5 eggs ie eon I 3 5 
% 2 2 2 pee ues 7 is 2 2 2 ite Le 7 
ee ei, ee VS nH 2 er 35 mee oo ke ee 1) ae Te ee Aaa 
LOM LO LO ie) 10 10 I Io 610 10 ite) 10 


9 3 3 9 15 9 3 3 Og 
mg aOee 8 ie] ado aos 28) as, OES 
ts ik eee Cee idee eee Ie ee A 
+ (r)(3) 11 13 15 17 + 
Io 
af 


Type 7 has already been shown in Table CLVIL. so far as the re- 


ty = ty) . nee ty >t 
lation i ~ ra is concerned. The limiting case of < * oy when 
(de~ dy 


&y = O or ty = O is shown in the following scheme :— 


Sx * Sy 


m —I (e) ie 
mE, —$ o +4, 
MLy O 

+ (0)(6 

= eK ) or = (o)g 


A comparison of the intensity distribution of the components in the 
first six types shows that the three pairs I and 4, 2 and 5, 3 and 6 
have quite different intensity relations. The two types in each pair 
can at once be differentiated by the different spacing of the p-com- 
ponents. One of the two types in each pair is always an uneven 
multiplicity, the other being aneven multiplicity. Asstated above, the 
components in the former are spaced in the series 0, I, 2, ete., and in 
the latter in the series I, 3, 5, ete. This is most easy to recognise in 
the p-components. 

In order to determine the values of 7,, 7), &», and g, We can make 
use of certain simple relations which can be seen to exist from the above 
schemes, Thus in 
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Types 1,2,4,5 £2 — & =e which gives the spacing of the 
components. | 
inn — lyy = + f = the distance of the most intense 


s-component from the un- 
disturbed line. 


Type 3 Sa — fy = te —fj=te 
Sa =f 
Sy =e 
Type 6 Se— By = te 
ECe eo See 
Be Oy 4 7 


Back says that with a good photograph of the Zeeman pattern there 
is no doubt as to the fundamental type to which the pattern conforms. 
Further, the determination of the values of 74, 1y, gz, and g, can be 
made when the type is known, except in the rare case of a magnetic 
triplet where ambiguity arises as to the value of 7 due to i, = 0 or 
g, = 0. As a matter of fact it is possible in practice to remove all 
doubt by use of Landé’s table of values of g. 

The fundamental types I, 2, 4, and 5 often appear as pseudo- 
triplets when the values of g, and g, are not very different, for in 
this case ¢ is very small. For the same reasons Types 3 and 6 often 
appear as pseudo-quartets. This, however, introduces no special 
difficulty, since the intensity distribution leads to the recognition 
of the actual type. These pseudo-types will be dealt with in fuller 
detail below. 

There still remains the possibility that g, or g, may have a negative 
value, three such negative values ‘being given in Landé’s table, 
namely — 3, — 4, and — 4 for the terms Le nz,, and ns, respectively. 
Back found such a case in his investigation of the arc spectrum of 
manganese in the line A = 3839-777, which will be referred to below. 
This line is due to the combination Nes — ns, or d,—f,. As will 
be seen from Landé’s table g, = 4" and g, = — 2, and as we are 
dealing with the combination of two terms in a system of even multi- 
plicities (sextet) we have the following scheme of combination between 
two magnetic levels :— 


m _ +. 
Moy = = 


MEL y - 


DBD} Hewitt NI# 


‘ Bo 
Oo law lint | 


——S 
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On the other hand, if g, had been + 2 the Zeeman resolution would 
have been given by 


m _ ; = : 
aae 5 
ME Ree 
io t 
meg a0 + s 
oy 3 2 
=n 14).0 
a 


It is obvious that the first case is the reverse of the second, and as 
the second is the normal (the separation of the p-components less 
than that of the s-components) the first case, due to either g, or g, 
being negative, is called an inverted type. 

We may now deal with Back’s detailed observations of the magnetic 
resolution of the lines of the are and spark spectra of manganese in 
order to understand the method of determining the values of 7 and 
g for each term which functions in the emission of a spectrum line. 
Before these details are set forth reference must be made to the 
Paschen-Back effect, which will be described below. The necessity 
for mentioning this phenomenon at this point is due to the fact that 
in the examination of the Zeeman effect exhibited by the lines of 
a simple or complex multiplet we frequently find the Zeeman pattern 
of a line to be distorted owing to the influence of a neighbouring line, 
that is to say, an incipient Paschen-Back effect. Although this 
does not interfere with the recognition of the fundamental type to 
which the affected line belongs, yet it introduces a complication into, 
the measurements of the components of the Zeeman pattern given by 
that line. 

Several of the manganese lines give distorted Zeeman resolutions, 
but it must be understood that the evidence afforded by the undis- 
turbed lines observed by Back was of itself sufficiently strong to prove 
the validity of Landé’s g values and also, as will be shown later, it 
is possible to make corrections for the asymmetry shown by the 
disturbed lines. The discussion of this correction and its method 
of application may be postponed, for it is always advisable in dealing 
with a notable advance of knowledge such as this not to confuse 
the issue by discussing corrections necessary in certain cases, pro- 
vided that the evidence in the majority of cases is sufficiently free 
from doubt to justify an assertion as to the truth of the theory we 
have set out to prove. The theory at the moment under review 
is the Landé g formula and Back has certainly succeeded in estab- 
lishing its correctness. For this reason we may consider his evidence 
without any undue anxiety as to those lines which show badly dis- 
torted Zeeman patterns, That the asymmetry must be dealt with 
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is obvious for the benefit of those who wish to work in this field, but 
we may for the moment accept it as a disagreeable fact, and return 
to it when the confidence caused by Back’s measurements is secured. 
In the measurement of any spectrum photograph such as that of 
a Zeeman pattern, the first measurements are naturally expressed 
in some unit of linear measure on the photographic negative. In 
the present case these must then be converted into terms of the 
normal triplet separation, since the Landé g values are of course 
fractions of that interval. In order to do this it is necessary to de- 
termine the strength of the magnetic field operating when the Zeeman 
pattern was photographed. The method of determination of H 
will be dealt with in the experimental section below. The linear 
measurements made of the components of the Zeeman pattern are 
first expressed in terms of JA with reference to the position of the 
undisturbed line and at this point the corrections for the distortion 
are introduced. These values of JA are then converted to wave- 
numbers and finally expressed in terms of the normal triplet interval. 
Back lays considerable stress on the advisability of expressing 
these fractions in decimal notation and not as vulgar fractions. There 
are two reasons in favour of this. In the first place, it is thereby 
rendered easier to avoid any bias in favour of one or other value 
of g, which is always expressed as a vulgar fraction. In the second 
place, in determining the value of g, and g, from the Zeeman patterns 
shown by the lines of a complex multiplet, it will generally be found 
that more than one value of each will be obtained. The means 
of the various values of g, and g,, expressed in decimal notation, 
willlead to far more accurate determinations of g, and g, than would 
be obtained by attempting to express each value of g, and fy asa 
vulgar fraction in the first instance. 
The first group of lines in the are spectrum of manganese examined 
by Back was the triplet at 
\ == A822-522 
4783-432 
4754-048, 
and the following results were obtained :— 
A = 4823-522, Zeeman pattern completely resolved. 


Observed values +- (0-1108) (0-3324) (0-5540) (0:7756) 0:9973 1-219 
Moaluhiy WACO? Testelvl |, 


The three outermost s-components were too faint to measure, but all 
the p-components were capable of accurate measurement and therefore 
afford the necessary information as to the complete resolution. The 
intensity distribution is such that both p- and s-components fall in 
intensity outwards from the centre of the picture. Clearly, therefore, 
Type I or 4 is present and, since the components lie in the series 
I, 3, 5, 7, etc., we are able to conclude without any doubt that we 
have in this case Type 4. Since there are four p-components on each 
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side of the centre it is obvious that there are four magnetic levels for 
one term and five for the other. The scheme of combination of the 
magnetic levels must therefore be as follows if only one half of the 


scheme is indicated :— 


5 5 7 9 
My 28y a8y 38y Sy 28y 


. 


m 


1 5 
3 2 
3 5 
Mon 482 382 $80 


WI} polaa 
oR 
3 


where the oblique arrow indicates the combination giving the most 
intense s-component. 

In the first place, we have in the case of the x term max =+ 4 
and in the case of the y term max = $, whence by equation (49) 
we tind that<¢, = 4 and 4, —=_5. 

In the second place, we have the following arithmetical relations :— 


58a — 38y = 0:7750 
18» — 1ey = — 09973 


whence 


Now the values of g, and g,, expressed as rational numbers are 
very nearly 1,6 and 3, respectively, since 48 = 1-778. The difference 
between the rational numbers and the calculated values of g, and 
Zy is — 0-3 per cent., and we can express this by 4g, = 4g, =— 0°3 
percent. Assuming the rational numbers to be correct the components 
of the Zeeman pattern expressed in decimal fractions are 
+ (0-111) (0-333) (0°555) (0-778) 1:00 1-22 1-44 1-66 1-89 2-11 2-33 2°55. 


A = 4783-432. This line gave a Zeeman pattern which is markedly 
distorted by the previous line and the s-components only were com- 
pletely resolved, there being seven of these on each side of the centre. 
The measurements were 


+... (0-211) 1-785 1:845 1-905 1-966 2-026 2-087 2-147. 


The intensity distribution of the p-components was such that the 
intensity increases from the centre outwards, and in the case of the 
s-components the most intense line ts in the centre of each group. 
We have, therefore, Type 6, and 7, = 1, = 4, since 7, must be less 
than 1, for the previous line by unity. As can be seen from the first 
and third lines of this triplet g, = 2 and therefore g, must also be 
2 for this line. 

We have 4g, + 42, = 1-966 and therefore g, = 1-932. The nearest 
rational number to this is 22 = 1-933, but we also have 432 = 1-937. 
The choice between these two rational numbers cannot be made from 
the measurements and we may leave the choice over until the third 
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line of the triplet has been considered. Note may be made of the 
experimental errors which are 

Ag, = — 0-05 per cent. 

Ag, = — 0:25 per cent. 

On the assumption that g, = 442 the calculated separations of the 
components are 


+ (0-032) (0:095) (0-158) (0-222) 1-778 1-840 1-904 1-968 2-031 2-094 
2°158. 


A= 4754-058. This line was completely resolved and the following 
measurements of the components were obtained :—— 


t (0:143) (0-429) (0-716) 1:278 1-565 1-851 2:173.. ., 
the two outermost s-components being too weak to measure. The dis- 
tributions of the intensities and the spacing of the components give 


definite evidence in favour of Type 4. Obviously therefore the com- 
bination scheme is as follows, since there are three p-components :— 


u 


iM) 
Jor 


t)1 


m 3 


y ail 7 
MS x 28x 28a 


ie 


1 3 5 


iis} 

Ss 

olor as) 
oq 
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It follows that i, = 4 and i, = 3, the most intense s-component 
being given by fg, — 3g,. We thus have 


oy 
thn 96g =) 0710 
Zen ehy = 1-278 
that is to say fee S on 
In rational numbers g, = %, dg, —=— 0:3 per cent. 
gy = 1° = 2-286, Ag, =— 0:3 per cent. 


The problem is now completely solved since the triplet consists of 
three lines, the two outer lines of which are formed by the combination 
of a term with 7 = 4 and g = 2 with two terms having 7 = 5, g = 4 
and t = 3, g = 1, respectively, whilst the central line is due to the 
combination between the term having i= 4, g = + with a term 
having i= 4, g = 34 or 122.. It is obvious, apart from any other 
reasoning, that the triplet must be a principal triplet (sp,) and 
we know that the terms belong to the system of even multiplicities, 
There can be no doubt that the triplet is a member of an octet system 
sincez = 4forthes term. If we use the value g = 122 for the middle 


line of the triplet we have the values set forth in dao len Gitex 
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TABLE, CLX. 


2 3 4 5 

Se 2 ae 

a 16 122 16 8 ee 

oy - 63 9 Noi t= 3,4, 5. 


and these values of g are identical with those given by Landé for 
the s term and three p terms of the octet system. 
We may now take the narrow triplet of manganese at 


A = 4030-760 
4033:074 
4034489. 


A = 4030-760. ‘This line was completely resolved and the measure- 
ments of the components were 


+ (0-142) (0-426) (0-710) 0-994 1-278 1-562 1-846 2-130 2°414 


The intensity distribution and the spacing of the components show 
that the Zeeman pattern conforms to Type 4. There are three p- 
components on each side of the centre and consequently Max for the 


3 


y term is + 7 and for the x term + 5, the values of 7, and 7, being 


4 and 3 respectively. Clearly therefore 


8a — 38y = 0°710 


38a — 38y =— 0°994, 


ees [on that is =1-714, Ag, =— 06 per cent. 
& = 1-988, thatis{, Mg, =— 0-5 per cent. 


Calculated values, 

+ (0:143) (0-429) (0-715) 1:00 1-287 1-573 1-862 2-145 2-424. 

A = 4033:074. The Zeeman pattern of this line was very unsym- 
metrical and the p-components were not fully resolved. The measure- 
ments were 

+ (0-251) 1-700 1-830 1-945 2-070 2-190, 
and the intensity distribution indicated Type 6, and the number of 
the s-components proved that 7, = 7, = 3. 

For the same reason as in the case of the previous triplet we know 

that g, is again 2 for this line, and since 

28a + 38y = 1945 
we have g, = 2 X 1:945 — 2 = 1-890. The nearest rational number 
to this is 4.2 = 1-889, but the value $¢ = 1-886 (4 = 0-4 per cent.) 


is very nearly as good. 
A = 4034:489. This line was completely resolved into the follow- 


ing components 
+ (0:1997) (0:5991) 1-412 1-811 2-210 2-609. 
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Clearly therefore this conforms to Type 4 and, since there are two 
p-components on each side of the centre, 7, = 3 and 1,=2. We 
thus have 


ge — 98, = 1412 
380 — 384 == FH OO, 
fn = 2-011, that is 2, Ag, = + 0-05 per cent. 
whence { ea vines 
fy = 2°399, that 1s +2 = 2-40, £y = — 0-05 per cent. 


The values of g, and g, are assembled in Table CLXI. 


TABLE CLXI. 
Z 2 3 4 
& 2 ine 


and as the triplet belongs to a system of even multiplicities this must 
be the sextet system since 7 = 3 for the sharp term. The values of 
g are identical with those given in Landé’s table. 

Of the four manganese are multiplets examined by Back we may 
first select for discussion the one of 14 lines having the following 
wave-lengths :— 


A. Ad. 
37/9537 3825-806 

O- 2 : i 
3799-250" 3833-864 
ee a 
3823°515 3843-085. 


This multiplet was attributed to the combination (D,F,) by Sommer- 
feld (see p. 140). In the case of the lines marked with an asterisk 
Back was unable to determine the Zeeman pattern. 

A = 3809-599. Completely resolved with the following measure- 
Men ts). — 


ct (0°1124) (0:2990) (0-485 6) (0:6722) 0-940 1:128 1:314 1-501 1-688 
1-874 2-061. 


This clearly conforms to Type 6 in spite of the fact that the spacing 
of the p-components is not exactly on the series I, 3, 5, etc. We 
have, therefore, g,/2 + g,/2 = 1-501, whilst the four p-components 
are given by (g,/2 — g,/2) X 1, 3, 5, and 7, respectively. The most 
accurate value will be obtained from the most intense p-component 
that is 0-6722, We thus have 
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2 7 
(Bee a 

+ 8 = 1-501, 


we have (eo 2527 
(Sy = 1-405. 


and since 


The nearest rational numbers to these values are 


Lope 
fy 


Now the number of p-components is 4 and the Type is No. 6, conse- 
quently we have without any ambiguity 7, = 7, = 4. The fact that 
there are only 14 lines in this multiplet indicates that it is due to the 
combination of a five-membered term with a six-membered term 
which argues in favour of the (df) combination in the sextet system. 
This is confirmed by the Zeeman resolution of the remaining lines, 
and in particular of the line A = 3829-674. Now the values of g 
given by Landé for the d, and /, terms of the sextet system are 100/63 
and 88/63, respectively. We may therefore provisionally adopt these 
values for g, and g,, for they are not very different from the calculated 
values, thus 


= IEOOO 
= 1-400. 


oY olan 


e = "e's = 1°587, Ag, = + 0-7 per cent. 
y=F3 = 1-397, Ag, = + 0:5 per cent. 


0g Ua 


These give the following calculated values :— 
+ (0-095) (0:286) (0-476) (0-666) 0-921 I-III 1:302 1-492 1-682 1-873 
2-063. 
A = 3823:°515. Completely resolved, but the s-components overlap 


those of the line at A = 3823-896 without, however, any partial 
Paschen-Back effect in either case. The measurements were 


+ (0:0764) (0-229) (0:382) (0°535) 0-901 1-053 1-206 1-359 1-512 
OO os < 


This pattern obviously conforms to Type 4, and the presence of four 
p-components establishes that 7, = 4 andz, = 5. We have therefore 


g By — 05547 
La — $2y = — O-90I0. 


whence 


Sy = AP = 1°420; Ag, = + 0-4 per cent. 
Le = § = 1:60, Ag, = — 0-6 per cent. 
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The Landé value for g, provisionally adopted for the preceding line 
is far closer to the calculated value since 


8a = "gs = 1587, Ag, = + 0-08 per cent. 
Similarly gy can be better expressed by the Landé value 142/99 since 
oy AA = 1-434, Ag, = + 0-15 per cent. 
These values of g, and g, give the following spacing of the components 
+ (0:0765) (0-229) (0-362) (0°535) 0-899 1-052 1-205 1-358 1-511 1-664 
1:817 1-970, 


which are practically identical with Back’s measurements. The 
simpler rational numbers 4° and 8 do not give any agreement with 
observation, the calculated position of the components being 


ck (0:08571) (0-2571) (0:4285) (0-600) 0-828 1-000 15172) 4d 


The value of g, = 100/63, provisionally adopted in the case of the 
first line, is thus completely verified. 
A = 3823-806. Completely resolved, the measurements being 


= (0°173) (0°520) (0-866) 0-787 1033. 1°4/9.1-825 92-075, 
Once again we have Type 6, and hence, since there are three p-com- 
ponents, 7, = 1, = 3. The arithmetical relations are 

28a ce 28y == GPUS} 

38a >is 284 Ss alo), 
therefore g, = 1-652, 
and £y = 1-300, 


The Landé values of g for tes and Nes are 35 and 4%, respectively, and 
these are very near to the calculated values. Thus 


fn = $2 = 1-657, Ag, = — 0-3 per cent. 
Sy = FE = 1314, Ag, = — 0-6 per cent, 


The position of the components as calculated from these values are 
=) (0:171) 54-513) (0-857) 0-798 1-142 1-486 1-830 2-174 


A = 3829-674. All the components were measured and were 
found to have the following values :— 


0°605 (1:262) 3-128. 


The Zeeman pattern is thus Type 5 inverted, which means that g, has 


a negative value. As there is only one p-component and ty = ty +1, 
it follows that 7, = 2 and ty = 1. We thus have 


ay tt) Nite ea 
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therefore 


£4 = 1-806, that is 72 = 1-867, 
eee ee ely aoe Greer ly emtioae sya, tea 


There is no possible doubt that g, is negative, for in no other way 
can the inversion of the type be explained. It will be understood 
that less accuracy is to be expected owing to the small number of the 
components. It is possible too that some magnetic disturbance 
accounts for the comparatively large error in the determination of 
gy. This establishment of the negative value is of great importance 
since in Landé’s table of g values there are three negative values of g, 
each with z= 1. Two of these occur in the ever ons of even multi- 
plicities, namely, the terms 7%, with g = — 3 and n’, with g = — $. 
The octet system is ruled ae since the multiplet iponld then have 
been due to the combination (F,;G,) with 20 lines. The evidenee 
therefore is overwhelmingly strong in favour of the (DI) combination 
in the sextet system. In view of what was said above about the 
resolution of this line the deviation between the observed value of gy 
and Landé’s value of — ¥is not serious. The calculated position 


of the components is 
+ 0-600 (1:266) 3-133. 


A = 3833:864. The components of this line partly overlap those 
of the next line, A = 3834-363, with a decrease in the accuracy of 
measurement. No partial Paschen-Back effect was noticed in either 
case. The measurements were 

+ (0:398) (1:194) 0-648 1:444 2-240. 
This conforms to Type 6, and since there are two p-components we 
have 1,71, = 2. It follows that 
38a + 38y = 1444, 
and therefore 


(8m = 1842, that is 73 = 1°867, Ag, = — I per cent. 
2, = 1046, that is ¢f = 1-066, Ag, = — 2 per cent. 


The calculated position of the components is 
-+ (0:400) 0-666 (1:20) 1:466 2-260. 


dX = 3834:363. The remarks made in connection with the previous 
line must be noted. ‘The measurements were 


+ (0:1297) (0:3891) (0:6485) 0:7393 0-9988 1-255 THidex< 


Clearly this conforms to Type 4 and as there are three p-components 
=3andi,=4. We thus have 


ty 
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280 — 28y = 0°6485 

380 — 38y =— 9°7393, 
(&y = 1-388, that is, $3 = 1-307, Ag, =— 0-6 per cent. 
lez = 1°647, that is, $8 = 1-657, Ag, =— 0-6 per cent. 


1 36 


and 
The calculated positions of the components are 

+ (0:1302) (0:3905) (0:6508) 0-:7460 1-006 1:276 1-527 1-787 2-047. 

A = 3839-777. The Zeeman pattern of this line is Type 6 inverted. 


The measurements were 


- 1°337 (1-987). 
There being only one p-component it follows that 7, = 7, = 1 and 
lo as lo = 1:987 


42x i ay == 1957) 
therefore 


(&a = 3°324, that is, 4) = 3-333, Ag, =— 0-3 per cent. 
\gy =— 0-650, that is, — 3 =— 0-667, Ag, =— 2-8 per cent. 
These rational numbers give the following positions of the components 


L 1-333 (2-000). 


Lt 


The large deviation in the case of g, can be explained by the poor 
accuracy of measurement with only four components altogether. 

A = 3841-081. Completely resolved. The components had the 
positions 

+ (0:2794) 0-4831 (0-8316) 1-037 1-592 2-146, 

and this conforms to Type 4 with 7, = 2 and i, = 3. Consequently 
we have 
Sa — $£y = 0°8316 
Sa 2hy— 04831, 


—— 
OQ 
eS 

I 


1-315, that is $§—= 1-314, Ag, = + 0-07 per cent. 
Ze = 1-869, that is #3 = 1-867, Ag, = + 0-1 per cent. 
These values give 


+ (0:2762) 0:4857 (0-8286) 1-038 1-590 2-143. 


A = 3843-985. Completely resolved. The components had the 
positions 


+ 0-076 (1-135) 2-199. 


This conforms to Type 4 with 7, = 1 and ty = 2, and we have 


& 


= 
| 


i) 


ay LUS'S 


Nie bole 
og 
a 
iH Wie 
i) 
e 
nN 
ran 
\O 
‘© 


‘ 


THE ZEEMAN EFFECT 353 


whence 


{8a = 3°324, that is 3° = 3-333, dg, = — 03 per cent. 
(gy = 1-074, that is 18 = 1-067, Ag, = + 0-7 per cent. 
These values give 
ate 2067 (1!133)<2:200; 


The following two lines could only be examined qualitatively. 

A = 3790:215. This gives a pseudo-quartet of Type 6 although the 
Separate components were too faint to measure. The only possible 
measurements, though not accurate, were 


+... (0586)... 1-460. 


It is evident from the type that i, = 7, and the consideration of the 
other lines in the multiplet leads to the value ipa t= Bo5 We 
have already found that g, fori = 5 is Jo from the line A = 3823515. 
The best solution obtainable from the above measures is 


Sa = 1°52, 7p = 1°55 

Sy = 1402, yg = 1-434. 
These values give 

Ghee (OnS45) >, co, 1-404: 


A = 3806-866. This gives a pseudo-triplet of Type 4 but the 
components were not capable of measurement. If the values found 
for g, and g, are assembled together they can be seen to agree with 
Asics the d and f terms of a sextet system, as shown by Table 


TABLE CLXII. 


4 he eile 5 6 
Io 28 58 100 14 : aeae 
Hy 3 15 35 63 E n.; =I, 2,3, 4, 5. 
2 16 46 88 142 16 : has 
y - 3 15 35 63 99 Ei Le 7=1,2,3,4;5; 6. 


The value 4 for n°. has been found by Back from another multiplet 
and consequently is correct. The value 1% for n° has not been 
as yet observed since the line in which this term occurs is A = 3806-866, 
the Zeeman components of which, as stated above, could not be 
measured, 
The details of Back’s measurements of the two multiplets at 
= 4084 — 4018 and A = 3630 — 3578 need not be given. It is, 
however, of importance that we consider a fourth multiplet which 
was not observed by Catalan, but was discovered by Back. This new 
multiplet consists of eight lines, having the following wave-lengths :— 


4 
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d. Int. y 
4235°125 8 23605°43 
42357300 10 23004°41 
4239°723 7 23579'83 
4257-653 8 23480°53 
4265-920 9 23435°03 
4281:097 9 23351°95 
4284-084 3 23335°68 
4312°546 2 23181:°66 


The Zeeman resolution of all these lines was observed with the following 
results :—— 

A = 4235125. Completely resolved, with partial overlapping by 
the components of the next line. The measurements were 


+ (0:163) (0-489) 0:890 1-216 1:542 1°868. 


e 


These conform to Type 4, and consequently 1, = 2 and 7, = 3. We 
have, therefore, 


28y — 28% = 0°890 
38y — 380 = — 0489, 
whence 
(8 = 1379, that is $3 = 1-371, Ag, = + 0:06 per cent. 
\Z5 = 1-705, that is 23 = 1-733, Ag, = — 1-7 per cent. 


These two values of g belong to the quartet system, and though the 
value of g, is not very accurate, this conclusion is amply confirmed by 
the Zeeman pattern of the remaining lines. The calculated position 
. of the components are 


+ (0:162) (0°486) 0-886 1-210 1°533 1°856. 


A = 4235°306. Completely resolved, with some overlapping by 
the previous line. Type 4, as the following measurements prove :— 


t (0:0865) (0°2595) (0°4325) 0-995 1-168 1-341 1514... 


There being three p-components, 7, = 3 andi, = 4, and consequently 
we have 


Ll 


38y — 380 = — 0°4325. 
&y = 1°4275, that is 4° = 14286 


&a = 1:6000, that is $. 


whence { 
The calculated positions of the components are 
+ (0:0857) (0:257) (0°429) 1:000 1-171 1+343 I°514 1686 1°857. 


X = 4239°723. Completely resolved. Type 4, as the following 
measurements prove :— 


++ 0:4623 (0:7356) 1°895, 


| 
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and therefore we have i, = 7 and ty = 2. Consequently 


a 42 = 0°4623 
38y — 48, = — 0°7356. 
f& = 1°1979, that is § = 1-200 


h > 
mens |g, = 26691, that is 8 = 2-667, 


the calculated positions of the components being 
oe '0'467 (0°733) 1-933. 
A = 4257°653. This is an interesting case since there are on each 


side of the centre of the Zeeman pattern one p- and one s-component 
having identical positions, namely, 


(1-332) 1-332. 


This is a special case of Type 6 with 7, = 7, = I, since there is only 
one component of each kind. It is clear that 
480 ie 48y == 15332 
+25 — 28y = 1332, 
Bs Nea RS a 2°664, that is 3 = 2-667. 
Sy = 0. 


These values of g, and g, give for the calculated positions of the 


components 
== (7°333) 1-333. 


A = 4265-920. Type 6, with the following measurements :— 
+... (0°794) 0:926 1-456 1-986. 
There being two p-components we have 7, = 1, = 2, and further 


420 + b2y = 1°456 


a 
$o2— $2y = 1:986, 

whence [2 — 1721, that is 75 = 1°733 

gy = 1-192, that is 8 = 1-20, 


The calculated positions of the components are 
++ (0:267) (0-800) 0°933 1:467 2-000. 


A = 4281°097. Completely resolved into Type 6, the measure- 
ments being 
= (O°1113) (0°3375) (0:5637) 1-030 1:256 1-482 1+709 1935. 


Since there are three p-components we have 7, = 7, = 3. Now it is 
obvious that the measurements of these p-components are not good, 
since they do not fall accurately into the series 1, 3, 5 as they should. 
We can, however, obtain the values of g, and g, from the s-components 
as follows :— 


a2 * 
“3 
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Sey + 380 = 5 X 1:482 = 7°410 
38y — 280 == 712030: 
£m = 1°595, that is 3 = 1°600 
gy = 1°369, that is $$ = 1°371. 


whence { 
y 


These values of g, and g, give the following calculated positions of 
the components 
+ (0°1143) (0°3429) (0:5715) 1:029 1:257 1:486 1°714 1°943. 


\ = 4284-084. Completely resolved into Type 5 and similar to the 
case of A= 4257-653 in that the p-component and one of the 
s-components have identical positions, the measurements being 


+ (0-861) 0-861 2-575. 


This case differs from the previous case in that there are two s- 
components and consequently we have 7, = 2and 7, = I and g, > gy. 
It is further certain that g, = 0 from the above pattern. The simplest 
way to obtain g, is from the p-component which gives 

[8x = 2X 0-861 = 1°722, that is $§ = 1-733 

gy = 0. 
We have for the calculated position of the components 

+ (0-867) 0-867 2-601. 


\ = 4312:546. Completely resolved into Type 5, but the com- 
ponents were very faint. The measurements were 
+ (0:206) (0-618) 1:385 1-797 2-209. 
It is obvious from this pattern that 7, = 3 and 2, = 2 and that g,>g,. 
We have therefore 


280 — 28y = 2°209 
380 — 38y = 0-618, 
whence ee ==1°501, “that is 3 ae 166 
gy = 17180, that is $ = 1°20. 


The calculated values are 
+ (0:2) (0-6) 1:0 1-4 1:8 2-2. 


The values of g, and g, found from this multiplet are collected in 
Table CLXIII. and as can be seen they agree with those calculated 
by Landé for the p and d terms of the quartet system. 


TABLE CLXIII. 


2 I 2 3 4 
8 26 8 4 
Sx = sro *S n z=), 2,25 
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We may now turn to the spark spectrum of manganese and consider 
the Zeeman resolutions of the two triplets and one of the multiplets 
discovered by Catalan.1 


Triplet at 
A = 2949-207 
A = 2939°315 
A = 2933-066. 


A = 2949-207. Completely resolved, with the following measure- 
Ments ;— 


+t (0) (0-336) (0-672) 0-995 1-331 1-667 DOs apne 
As can be seen from the intensity distribution it conforms to either 
Type 1 or Type 4, and as the components are spaced in the series 
0, I, 2, 3, etc., the Type present is No. 1. This triplet therefore 
belongs to a system of uneven multiplicities. The combination 
scheme between the magnetic levels is now shown by 


m O I 2 3 
Tig asi Gaus G2ny 
MS 0 8y we 
and we have therefore 
225 —= 2fy-= 0-072. 
PAS EY ey) > HOMO}O)S. 


kK 


(8y = 1-067, that is } = 1-667 


whence oe 
(Zu = 2-003, that is 2. 


I 


Since by (49) on p. 337 max = 7 for uneven multiplicities, we have 
1, = 2 and 7,= 3. The fact that g = 2 for i= 2 for the x term 
suggests that we have here a principal triplet (sp,) of a quintet system, 
and this is confirmed by the observations of the other two lines. 

The calculated values of the components are 


+ (0) (0:333) (0:667) 1-000 1-333 1:667 2-000 2-333. 


A = 2939:315. Not completely resolved, but the pattern was 
recognised as conforming to Type 3 and consequently 7, =7,. The 
measurements were 


Oi. ee BAOWOL A, 


Now it is evident from the combination scheme 


Mey O By 28 


7 See Chap. I., p. 132. 
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that the two most intense s-components give directly the value of 
y and g,. We thus have 

o,= 2°01, that is 4 

gp= 1837, that is 3) = 1-833). 4e7— 1 0-2 per cent. 
The first p-component, the component 0 being absent since 7, = 1,, 
is given by £, — gy = 2°000 — 1°833 = 0-167 and the second by 
0-334. The most intense p-component is thus given by 2g, — 2g, 
and consequently 7, = 1, = 2. The calculated positions of the com- 
ponents are 
(0-167) (0-333) 1-667 1-833 2-000 2-167. 

A = 2933-066. Completely resolved and conforms to Type 1, the 

measurements being 


+ (0) (0-501) 1:490 1-991 2-492. 


I 


Here we have two p-components, including the one at 0, and we see 
at once that 7, = 1 and 12,—=2. The values of g, and g, are found 
from the combination scheme 


m O I Z 
ME 0 Se 28% 
m8 £ Sy 
whence 2g 8 LAGO 
Se >> Sy = SOR 


and : 
P —— NeOO lea tiation 
se = 2-492, that is $= 2-5, Ag, =— 0-32 per cent. 


The calculated positions of the components are 
E (0) (0:5) 15 2-0 2°5. 
The values of g, and g, for the triplet are assembled in Table CLXIV. 


TABLE CLXIV. 


Zz I 2 3 
&a 2 ne, 
5 4 II 5 5 : 
Sy mi 6 3 ny; PSS by Ba Oh 


These values agree absolutely with those given by Landé for the 
quintet system in his Table on p. 331. 
Second triplet at 
A == 2576-116 
A = 2593734 
A = 2605-695. 
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A = 2576-116. Completely resolved and conforms to Type* ¥. 
The measurements were 
+ (0) (0-248) (0-496) (0-744) 0-992 1-240 1-488 1-736... 
From the number of p-components it is evident that 7, = 3 and 
1, = 4. The values of g, and g, are found from 


38 => 384 = 9°744 


38a — 48y = — 0°992. 
whence 
f&y = 1-736, thatis}=—1-75, Ag, = — 0-8 per cent. 
lg» = 1-984, that is 4, Ag, = — 08 per cent. 


The calculated values are 
+ (0) (0:25) (0°50) (0:75) 1:00 1-25 1-50 1:75 2-00 2-25 2:50, 


A = 2593-734. Distorted and not completely resolved, the only 
measurements given by Back being 


i, . . (0-495) .~. 1:760'1-920. .. 


This pattern conforms to Type 3 with 7, = 7, = 3, and the values of 
£» and g, should be found from 
on —= 920 
£y = 1-760 
These values expressed in rational numbers are 33 and 2}. 
Again, we have gy — £ = 0:495/3 = 0-165, which agrees with those 
values. Since the values of g are those of the principal and diffuse 
terms with 7 = 3 in Landé’s table it appears that Back has accident- 
ally given the measurement of another Mn* line belonging to the 
septet system. Assuming that this is the case and that the line is 
due to the combination 2, —n?, the values of g, and g, agree 
3 33 5x SY BS 
exactly with those given by Landé for those terms. This assumption 
is confirmed by the calculated spacing of the components given by 
Back, namely, 
+ (0:167) (0:334) (0-500) 1-417 1-584 1-750 1°916 2-083 2-250, 
whereas the spacing given by g, = 2 and g, = 73 would be 
- (0-083) (0:167) (0-250) 1-750 1°833 1:917 2-000 2-083 2-167. 


= 2605:695. Completely resolved although rather diffuse, the 
measurements being 
+ (0) (0°347) (0°694) 1:275 1°622 1-969 2316... 
This conforms to Type 1 and, there being altogether three p-com- 
ponents, we have 7, = 3 and 7, = 2. We find therefore that 
so 1-969 


Sg 2317 
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and in view of the diffuse nature of the Zeeman pattern these are 
sufficiently near to the rational numbers ? and 4 which are the 
values of g calculated by Landé. 

It is perfectly clear that this triplet must belong to the septet 
system from the Zeeman pattern of the first line, A = 2576-116, from 
which it was found that in a system of uneven multiplicities one term 
has g = 2 andi= 3. This is only possible in a septet system. In 
view of this the deviations shown by the observations of the third 
line need cause no anxiety. The values of g are given in Table CLXV. 


TABLE CLXV. 
2 2 3 4 
Le 2 ni, (sf;) in the septet system. 
Sy : “3 - nj. z= 2, 3; 46 
Mn* multiplet. 
A. A. 
3497°540 3474:139* 
3496:815* 3474-050* 
3495°840 3460-332 
3488-618 3441-999 
3482-918 


The Zeeman effect of the asterisked lines could not be measured owing 
to overlapping. 
A = 3497:540. Completely resolved, the measurements being 


+ (0) (0:332) 1:493 1:825 2-157. 


This conforms to Type 2, with 7, = 7, + 1 and £y > £y, and conse- 
quently 7, = 2 and7, = 1. We thus have 

282 — By = 2°157 

Sa — §y = 0°332, 


whence 
(Sa = 1-825, 7 that is 45 = 1-833, Ag, = — 0-4 per cent. 
(Se = 1493, thatis } = 1-500, Ag, = — 0-5 per cent. 


The calculated positions of the components are 
+ (0) (0-333) 1500 1:833 2:166. 


A = 3495-840. This line gives a magnetic triplet of Type 7. From 
this and the structure of the multiplet we see that iy = 0 and 
gy = O and consequently 7, = 1. The measurements were 


+ (0) 2-498, 
and consequently 8a = 2:498 or $. 
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A = 3488-618. Completely resolved, the measurements being 
+ (0:999) 1-499 2.498, 
which conforms to Type 3. We have therefore 


Sa = 2°498 or $ 

Ly = 1-499 or 3. 
the theoretical spacing being 

eka (tO) 155" 2-5; 


A = 3482-918. Completely resolved, the measurements being 
ck (0:3312) (0-6624) 1-165 1-496 1-827 2°158, 


which again conforms to Type 3. There being two p-components, 
excluding that one at 0 which is absent, it follows that 1g = = 2: 
We have 


8 = 1°827, that is 1? = 1-833, 4g, = — 0:3 per cent. 
&y = 1°496, thatis }= 1-500, Ag, = — 0-3 per cent., 


and hence the calculated spacing of the components is 
+t (0°333) (0-666) 1-166 1-500 1-833 2-167. 
A = 3460-332. Completely resolved, the measurements being 
+ (0) (0°329) (0:658) 0-8294 1-159 1-488 1-817... 
which conforms to Type 1, with 7, = 2 and 7, = 3. We have 


38y — 2£¢ = 0°8294 


28y — 28% =— 0:658, 
whence 
(2y = 14874, thatis 3= 1-500, Ag, = — 08 per cent. 
(ge = 18164, that is 32 = 1-833, dg, — — 0-9 per cent. 


The calculated spacing of the components is 
+ (0) (0:333) (0°666) 0-833 1-166 1-500 1-833 2-167. 


A = 3441-999. Completely resolved as to the p-components, and 
only partially so as to the s-components on account of distortion. 
The measurements were 


az (0) (0°1655) (0°331) (0:4965) 0-9992 1-165 1-330 1-496... 
This conforms to Type I with 7, = 3 and 7, = 4. Hence we have 
48y — 38a = 9°9992 
38y — 384 =— 0:4905, 


Sy = 14957, thatis?—= 1-500, Ag, =— 0-3 per cent. 
&y = 16612, thatis $= 1-667, Ag, =— 0-4 per cent. 
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The calculated spacing of the components is 
+ (0) (0:166) (0-332) (0:498) 1-000 1-166 1-333 1°500 1:666 1-833 2-000. 
The values of g, and g, are assembled in Table CLXVI. 


TABLE CLXVI, 


z Oo I 2 3 4 
5 i 5 5 - 
Eu 5 ae 3 M5; 2= 1, 2,3; 
a 3 3 3 5 
éY fe) a 2 b SS Key) fo O, I, 2, 3, 4, 


and as can be seen they agree exactly with the values given by Landé 
for the p and d terms of the quintet system. 

There can be felt but little doubt that these foregoing results 
of Back give a most remarkable experimental confirmation of Landé’s 
theoretical calculation of the values of his resolution factor. The 
confirmation of Landé’s general theory of the anomalous Zeeman 
effect must be considered in’ conjunction with the interval ratios 
between the lines composing the manganese and iron multiplets, which 
were discussed in Chapter I. on p. 149 and 188. 

One other piece of evidence noted by Back may be mentioned in 
connection with the line A= 4472-80 in the Mn* spectrum. This 
line is due to the combination n3,—n3,, that is to say, (p9d,) in 
the quintet system. The values of g for these two terms are % and 
O respectively, and it is a very remarkable fact that this line shows 
no Zeeman effect whatever. 

Fratilein Gieseler+ has also verified the Landé values of g from 
the Zeeman resolution of the arc lines of chromium. As an instance 
of this we may first take the two principal triplets at 


A. Ay. A. Ap. 
4289-89 are 3605°48 ieee! 
4274-96 be 3503-04 me 
4254-90 J 3578-84 


Ist Triplet. 
A = 4254-90. The measurements of the components were 
E (0) (1°572) (3-157) 6278 7-844 9-358 10-934 12-459. 
These values are not expressed in terms of Avporm and therefore must 
be reduced. There being three p-components which are spaced in 
the series 0, I, 2, it is clear that we have a system of uneven multi- 


plicities, and, further, since the first s-component is the most intense, 
we have 7, = 3, 1, = 2 and gy > gz. _ It follows that 


38% — 284 = 6-278 
22 — 224 == 3-157. 
* Ann. der Phys., 69, 147 (1922); Zettsch. fiir Phys., 22, 228 (1924). 
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whence 

Sx = 9°435 or 2-000, that is 2 

Sy = 11-073 or 2-335, that is $ = 2-333, Ag, = orl per cent. 
The justification for putting g, = 2 is that the triplet is given by the 
combination (sp,) and the value of g is 2 for all s terms, except in the 
singlet system. 

In order to reduce the measurements given above to the scale of 
Avporm they must all be multiplied by 2/9435. The observed and 
calculated positions of the components then are 

obs. ++ (0) (0-333) (0-669) 1°33I 1-663 1-984 2318 2-641. 
calc. + (0) (0-333) (0-667) 1°333 1-667 2-000 2°333 2:667. 
Since the s term has 7 = 3 in a system of uneven multiplicities 


it is evident that the triplet is a principal triplet in the septet system. 
This is confirmed by the interval ratios between the lines which are 


(3:0: 4:1 obs. 


SI'42is1i243 = 13-0: 4:0 calc. 


The value of § for g and i = 2 is Landé’s value and is given very 
accurately by the above line. 

A = 4274:963. This line was not resolved well but the Zeeman 
pattern conforms to Type 3. The consideration of the measurements 
may be postponed until the third line has been dealt with. 

A = 4254-503. Completely resolved into Type 1, the measure- 
ments being 


cE (0) (1-174) (2-369) (3-544) 4°702 5-885 7-058 8-208 9-363 10-524. 
It follows that 7, = 3, ty = 4 and g, > gy. 
We have therefore 
48y — 38a = 4:702 
38 — 380 = ~.3"544, 
(&y = 8-246 or 1-749, that is } = 1-750 
lg, = 9°427 or 2-000. 


This value of g, is that given by Landé for the term py in the septet 
system or n3,. 

The theoretical spacing of the components expressed in terms 
of Avnorm is the series (gy — gy) X I, 2, 3, etc., that is 0-25, 0:5, 0-75, 
etc. In order to compare the observed measurements, these must 


be multiplied by 2/9-427. 


Obs. + (0) (0°249) (0°503) (9°752) 0998 1-249 1-497 1-741 1-987 2: 
Calc. + (0) (0°'250) (0°500) (0°750) I:000 1:250 I°500 1°750 2000 2°25 


We may now consider the middle line of the triplet which must 
be given by the transition 7, — 1%, and this is confirmed by the 
absence of the central p-component. Now, Landé’s value of g for 
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the term v7, is 33 and the question is whether this value can be 
confirmed. Owing to the bad resolution observed only the two ex- 
treme s-components, that is the innermost and outermost, could be 
measured with any accuracy. If the value ?3 is correct, then the 
spacing of the lines should be in terms of 2 — 73 = ,. From the 


combination scheme 


ae = Oe at 28 

Nig, “O 2 4 6 
23 46 9 

mg, O Tee ae) ae 


the innermost and outermost s-components are given by the two arrows 
and are 73 and 7$, respectively. The actual measurements of these 
two components were 


ae O° 202.45 O00. 


and in order to reduce these to the scale of 4 vaorm, they must be multi- 
plied by the same reducing factor as used in the case of the other 
two lines, namely, 2/9-430 (mean value). The reduced values should 
be 7 and 7$ respectively, and that this is correct can be seen from 
the following :— 


Obs. 
Cale. 


BE IOVAOY . 5 Zine 
eS WOWO.. > 5 Buoy. 


The agreement is satisfactory in view of the general difficulty of 
measurement. 


2nd Triplet. 
This triplet is analogous to the first in every way. 
A= 3605-483. Type 1, with 7, = 3 andi, = 2, the measurements 
being 
“+E (0) (1-580) (3-131) 6°332 7-883 9-423 10-943 12-495. 
It follows that 


[8 = 9°463 or 2 


whence ona 
(gy = 11-029 or 2:331, that is > == 2°333. 


From these values of g, and g, we obtain the calculated and observed 
values of the components as follows :— 


Obs. 


Calc. 


uu 


t (0) (0-334) (0-662) 1°338 1-666 1-992 
= (0) (0:333) (0667) 1°323 1-667 2-000 


tl 


For the same reason as before the middle line may be considered last. 
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A= 3578-830. Type 1, with i, = 3 and i, = 4, the measurements 
being 
(0) (1-175) (2350) (3°535) 4°700 5-885 7-030 8-184 9:329 10°514 
11-679. 
It follows that 
48y — 38% = 4:700 
Soy — 38a = -— 35355, 
(&y = 8-235 or 1-750, that is 7 


whence 
(22 = 9°413 or 2-000. 


Reduced to the scale of Avnorm the observed and calculated positions 
of the components are 


Obs. + (0) (0-250) (0°499) (0°751) 0-999 1-250 1°494 1°739 1:982 2:234 2°482 
Cale. + (0) (0:250) (0°500) (0°750) 1°000 1°250 1°500 1°750 2:000 2250 2°500 
The allocation of this triplet to the septet system is confirmed by 
the interval ratios, which are 
3:0 : 3°8 obs. 
1G > 11504 = f 
Te 13:0: 4:0 cale. 

A = 3593:637. This line was also incompletely resolved, the inner- 
most and outermost s-components only being measured with any 
degree of accuracy. For the same reason as given above for the 
central line of the first triplet these two lines should show separations 
of 74 and 7$§, respectively. The measurements were 

+ 8-279... 10195. 
These values must be reduced to the scale of A vporm by multiplication 
by the ratio 2/9-438 (mean of the values found for the two outer 
lines of the triplet), and the reduced values compared with the values 
calculated from 73 and 28 are 
Obs. +1°754... 2:160 
Cale. -—- 1-750... 2-167. 


No doubt therefore can be felt as to the correctness of the value 73 for 
g in the case of the term 7,. This is very satisfactory since the 
evidence we obtained previously for this value in the case of man- 
ganese was based on an interpretation of the Zeeman pattern given 
by Back for the Mn* line A = 2593-734, which is different from that 
put forward by Back. 
As a last example we may take Fraiilein Gieseler’s measurements 
of the chromium triplet at 
A = 5208-596 
A = 5206:215 
= 5204:692 


all the lines of which are strongly distorted. 
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A = 5208-596. Type 1, the measurements being 

F (0) (1°537) (3100) 4°756 6-322 7-861 9-109? 

It is evident that 7, = 2,1, = 3, and g,— 2, We tius Mave 
38y — 282 = 4750 
284 — 284 = — 3:100, 


2, =7°856 or 1-670, that is § = 1-667 
when ee = 9-406 or 2-000. 


A = 5206-215. Type 3, the measurements being 
E. Ss» (0525) 7-000 8:989 O:812— . . 


We have 7, = 1, = 2 and g, > g, and consequently 


(&x = 9°812 or 2-000 
Ly = 8-989 or e832 thats ih = 1°833. 


A = 5204:692. Type 1, the measurements being 
st (0) (2-265) [8-048] 9-566... 


and 2, = 2, 1, == 1, and g, < g,. 


In this case the measurement of the strongest s-component is 
untrustworthy, and the best we can dois to take the second s-component 
thus 

Se = 9566 
Sl og e205, 
(Sy = 11-831 oF 2-474, thats 2 =2-5 


whence Se = 9°566 or 2-000. 


The three calculated values of g for the p terms agree well with the 
values given by Landé, except the last which is 1-3 per cent in error. 
The distortion of the Zeeman patterns is well shown by the three 
different ratios 2/9-406, 2/9-812, and 2/9:566. These of course should 
all be the same, since all three lines were resolved in the same magnetic 
field and their components measured on the same photographic plate. 
It is of considerable interest that even in a distorted Zeeman pattern 
accurate values of g can be obtained. This question of distortion 
will be discussed in greater detail below, when we come to the question 
of experimental observation and the methods of measurement. 

Up to the present it has been our concern to prove from certain 
experimental observations that the Landé g-formula is correct, and 
there can be little doubt that the evidence affords a most striking 
proof. Although this section is principally devoted to a discussion 
of Landé’s theoretical explanation of the anomalous Zeeman éifect) 
yet it is advisable for the sake of continuity to consider a little more 
fully the fundamental types, the existence of which has been established 
by his g-formula, It is hardly necessary to emphasise the fact that 
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so far as the ideal Zeeman pattern of any line is concerned the whole 
problem may be considered as solved. Provided that the combination 
is known to which a spectrum line is due, the ideal Zeeman pattern 
for that line can now at once be written down with'the help of Table 
CLV. on p. 331. As, however, it is more convenient for purposes 
of calculation to use the conventional values of 7, k, and yr in place 
of those of I, K, and R which were given in that table, Table CLXVII. 
may be given of the values of g referred to the former or conventional 
quantum numbers. 

The words ‘‘ideal Zeeman pattern”’ were used above for the reason 
that distortion, due to an incipient Paschen-Back effect, is always 
present to a greater or less degree, though, as will presently be shown, 
this is not so serious as might at first be expected. 

We may now consider the effect on the fundamental types of 
certain limiting conditions affecting the values of g and 7. Some of 
these are only of academic interest for they have not been observed, 
but they are none the less interesting. If, for example, in Type I 
where 1, = 1,-+ 1 and g, <g, we were to have the condition that 
ty|/fy = ty/2e OF Inkx = lyZy, then the type would be modified to a: 
scheme such as follows where 7, = 4, g, = 3, 1, = 3, and g, = 4. 


m O I 2 3 4 
Mg, O 3 6 0) 12 


mg, O 4 8 12 
which gives as Zeeman pattern 
(0) (1) (2) (3) 0123456, 


the first four s-components having the same positions as the p-com- 
ponents. 


Again, if in Type I 1,g, — iygy is less than &y — &z as for example 


m oO I 2 3 
Mey, O 5 10 15 


iscsi ay 14 
the resulting pattern is 


ae (0) 42)" (4) 283 45:9 Gg, 


in which some of the s-components fall between the p-components. A 
third case may be added to these, namely, Type 1 when 1425 — ty Sy IS 
negative, and in this the Zeeman pattern is very interesting. As an 


example we may take 7, = 3, g, = 5, 1, = 2, $= 9 
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m == 8 —2 — I O + I + 2 + 3 
MZ, —15 — 10 — 5 O 5 10 15 
Mme, — 18 —9 O 9 18 


+13 +9 +5 +1 —3 (+8) (+4) (0) (—4) (—8) +3 —1 —5 —9 —13. 


It will be noticed that the strongest s-component has a different sign 
from the others associated with it and consequently it will be situated 
on the opposite side of the centre of the pattern. The resulting 
pattern is shown in Fig. 32, where the two groups of s-components are 
marked with a circle and cross respectively. At first sight this pattern 
does not appear in any way to conform to one of the fundamental 
types and is indeed somewhat surprising. On the other hand, of 
course, if the s-components are grouped together in the way indicated 
the structure becomes quite simple to understand. ‘ 

_ Similar variations in the types 2 — 6 may be studied by setting 
limiting conditions to the values of g, and g,. The alternation of 


o— xX 
x re) 


Fic, 32. 


p- and s-components in Types 4 and 6 has already been instanced in 
the case of the multiplets in the arc spectrum of manganese. 

A particularly interesting case is afforded by the combination 
ni, — nt, which should give Type 6, since 1, = ty me: in the quartet 
system. The peculiarity of the resulting pattern is caused by the 

6 


fact that g, =< and g, = @, that is to say, gy = 3g,. The scheme 


of combination is as follows :— 


m ae =e 4 rs 
ine ee eke Ree t6 aoe 
mS — 3 - $ oi 5 os 
+ (2) (6) 0.4 8 
5 


and at first sight this appears to be perfectly normal. It must be 

noted, however, that there are two s-components, one at + 0 and the 

other at —o. These two, therefore, coincide with the result that the 
VOL, 111: 24 
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intensity of the apparently single component at oO has a greater in- 
tensity than the ones at + $, the actual intensity being $+ 3} = 3 
that of the components at + 4 being 1. The observed intensities 
of the components would be as in Fig. 33, 


EiGwse. 


+: (2) (6) 048 
5 ’ 

which does not conform to any type. Recognition of the fact that 
the s-component at O is made up of two components shows that the 
observed intensity must be reduced to one-half, when of course the 
pattern conforms to Type 6. As Back points out this has been 
observed in the case of the line A = 3128-82 in the Cr* spectrum, 
which is due to the combination nt, — nt,. 

There remain to be mentioned the so-called pseudo-types, to which 
reference has already been made. These pseudo-types are obtained 
when g, is very nearly the same as g,, so that the difference between 
them, that is the difference between consecutive components, is very 
small. The components then cannot be resolved in the photograph 
of the Zeeman pattern. We have already come across two instances, 
namely, a pseudo-quartet given by A = 3790-215 and a pseudo-triplet 
given by A = 3806-866, both lines being part of the multiplet at 
A = 3777 toX = 3844 in the arc spectrum of manganese. The Zeeman 
patterns for both lines may be calculated in order that we may see 
how, in spite of the practical impossibility of resolution, the type ma 
be recognised. A == 3700-215, 1, = ty = 5, 0, = 16 = 184 7, = ae 
sextet system. 


4.0; 


UNG Sy 77 231 38 539 693 
gs a7 le eid 213. 355-407" \ 650 


| 


+ (6) (18) (30) (42) (54) 100 112 124 136 148 160 172 184 ‘196 
99 


The distance between any two consecutive components of the same 
type is therefore +2, or a little 
less than 3th of the normal 
triplet interval. The failure to 
resolve the components would 
lead to a pattern such as in 

eset Fig. 34, hence the name pseudo- 
quartet, 
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= 3806 866. ty = 5, ty =6, £.= y= 7B) &s= Tt = 7K 
sextet system. . 
ME eee ot: 231° 99385) 539.) © 603 
Me, —72 72 216 360 504 648 792 
+t (5) (15) (25) (35) (45) 99 109 119 129 139 149 159 169 179 189 


99 


Here the distance between any two consecutive components is }° or 
about jth of the normal triplet interval. The unresolved Zeeman 
pattern would appear as in Fig. 35, hence the name pseudo-triplet. 
This type of pseudo-triplet is given by the fundamental types I and 
4, whereas the fundamental types 2 and 5 give the type of pseudo- 
triplet shown in Fig. 36. It may be seen from the last three figures 
that the recognition of the fundamental type to which a given 
Zeeman pattern belongs presents little difficulty, even if the distance 


Fic. 35. Fic. 36. 


between the consecutive components is too small to permit of their 
resolution. If the position of the maxima can be determined in these 
pseudo-types, then it is possible to arrive at an accurate allocation of 
the line to its series and system if Landé’s values of g be taken as 
correct. ; 

In concluding this section dealing with the theory of the anomalous 
Zeeman effect it is impossible to omit an expression of our indebted- 
ness to Dr. Back for his work in experimentally verifying the Landé 
g values, since the combination of theorist and experimenter in the 
University of Ttibingen has given us what may be looked upon as a 
full and complete solution of the anomalous Zeeman phenomenon. 
Yet these two would be, and indeed are, the first to recognise the 
remarkable foundation built by that great philosopher Sommerfeld, 
who, by his concept of inner quantum numbers, made the first step 
in the advance, which has now been consolidated. 

The Paschen-Back Effect.—This phenomenon, which was dis- 
covered in 1912 by Paschen and Back,! is one of very great interest 
and importance. In spite of the fact that this work was carried out 


1 Ann. der Phys., 39, 807 (1912) ; 49, 960 (1913). 
* 
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eight years before the first explanation of the anomalous Zeeman effect 
on the quantum theory was enunciated by Sommerfeld, it is more 
convenient to discuss it at this stage, because the phenomenon and 
its explanation play an integral and essential part in the complete 
elucidation of the Zeeman effect. 

Brief references have already been made to the disturbance in 
the symmetry of an anomalous Zeeman pattern due to the effect of 
neighbouring lines, the magnitude of this distortion depending on 
the strength of the outer magnetic field and also on the proximity 
of the spectral lines. Paschen and Back dealt with this phenomenon, 
and they succeeded in showing that this distortion increases with 
increase in the outer magnetic field until finally when the field is 
sufficiently strong the Zeeman pattern originally anomalous becomes 
a true normal triplet. In describing their investigations we may 
follow their line of argument from the beginning, bearing in mind 
of course that at that time the Bohr theory with all its subsequent 
developments as to multiplets had not been conceived. To Paschen 
and Back the most complex line structure known was the diffuse 
triplet with its six lines, and so perhaps their ideas may now seem 
somewhat archaic. 

They start from the position that relatively few spectrum lines 
exhibit the normal Zeeman triplet, such for instance as 


A = 6362-345 Zn diffuse series 


6438-47 Cd > r 
eae He sharp series 
4347°62 He diffuse series 
5528-47 

4703:07 Mg ”) ” 
2288-79 Cd principal series 
4226-73 Ca a - 
2852-13 Mg " » 


and that these lines stand out in comparison with the very varied 
anomalous types exhibited by other lines. In general, Preston’s 
law holds good as regards the anomalous effect, namely, that all the 
lines of one spectral series exhibit the same Zeeman type with the 
same separation in the same field, and that the corresponding lines 
of different elements are characterised by the same Zeeman pattern. 
Again, the anomalous Zeeman effect is only exhibited by those 
lines for which at least one of the series terms bears an index number, 
and the magnetic type of that combination is fixed and is independent 
of the element and the order number of the combination. In other 
words, lines of a singlet system never show an anomalous Zeeman effect 
whilst doublets and triplets expressed by p; — md;, p; — mS, etc., 
always do so. So far as the anomalous Zeeman effects had been 
observed, they fell in with this scheme with very few exceptions, 
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which were due partly to experimental errors and partly to the 
phenomenon now to be described. 

When, however, we come to look into the question in detail, we 
find that the above general scheme only holds good if the complete 
structure of a doublet or triplet is developed. For example, if the 
three satellites of a diffuse triplet lie so close to the ptincipal lines 
that they cannot be separated, with the result that the triplet con- 
sists of only three lines in place of the normal six lines, then the 
magnetic resolution of the three lines is less complex than that of the 
six lines of a fully developed triplet. 

Similarly, if the satellites lie very close to the principal lines but 
still clearly visible, the general scheme does not hold good, that is 
to say, the Zeeman pattern differs from that characteristic of a diffuse 
triplet. 

An excellent example of this is afforded by the magnesium line 
A = 3838, which is the first principal line of the first diffuse triplet. 
This line should have two satellites such as are shown by the corre- 
sponding lines of mercury (A = 3650, 3655, and 3663) and cadmium 
(A = 3611, 3613, and 3615), but they cannot be seen separated from 
the principal line. We should expect in the case of this line, when 
examined in a magnetic field, a superposition of the three anomalous 
patterns given alike by the three mercury and the three cadmium 
lines. In place of that a much simpler Zeeman type is found, which, 
as a matter of fact, is the same as that given by the first line of a sharp 
triplet of mercury, e.g. A = 5461. 

A still more remarkable instance is afforded by the principal 
series of lithium (A = 6707°8, 3282-8, 2741-4, etc.), the lines of which 
(by analogy with the other alkali metals) must consist of very narrow 
doublets. We would expect these lines to give Zeeman patterns con- 
sisting of the superimposed types of D, and D,. These lines, however, 
exhibit a true normal triplet. Similarly the two lines of the diffuse 
series of lithium (A = 6103-5 and 4603-1) should give as Zeeman pattern 
the superimposed types of the three lines of a normal diffuse doublet. 
These lines again give the normal triplet. 

It is evident from these last two instances that the normal triplet 
is given not only by a truly single line, but also by a very narrow 
doublet or triplet. If a narrow doublet, such for example as A = 6708 
of lithium, were resolved by means of a spectroscope of suffhciently 
high resolving power, it would be expected that in a very weak 
magnetic field the two components would give the D, and D, Zeeman 
types respectively. If the final result is that in a strong magnetic 
field the normal triplet is obtained, there lies here a new phenome- 
non as regards the effect of a magnetic field on spectrum lines. The 
magnetic field must be able to destroy a series doublet and produce 
therefrom a single line. 

Paschen and Back investigated some very narrow, but clearly 
resolved, doublets and triplets in order to put this deduction to 
the test of experiment, the effect of small and large fields being tried. 
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The narrowest triplet known to them was that of oxygen at A = 3947 
which, as shown by Runge and Paschen,! is the second member of 
the principal series of triplets Is — 3p;. The three lines should show 
the following Zeeman patterns :— 


Ar. Magnetic Types. 
Strongest line . Is — 3p, 39477438 5461 He, 5183 Mg, 5086 Cd, ete. 
Middle ,, . Is — 3h, 3947°626 4358 Hg, 5173 Mg, 4800 Cd, etc. 
Weakest ,, . Is — 33 3947°731 4047 Hg, 5168 Mg, 4678 Cd, etc. 


Indeed, in magnetic fields smaller than 6000 Gauss each of the three 
lines is separately resolved, as can clearly be seen by their broadening. 
With slowly increasing magnetic field, the change in the Zeeman 
phenomenon commences as soon as the magnetically resolved com- 
ponents interfere with one another, and particularly as soon as the 
outside components of one line fall on the middle of the next line. 
When the field strength reaches 11,000 Gauss none of the components 
of the original lines can be recognised. Those which are still visible 
do not lie in their calculated positions and they become weaker as 
the field is still further increased. 

A strong middle component makes its appearance at A = 3947-564, 
which is very nearly the optical centre of gravity of the original triplet. 
In the weaker fields this component is incompletely polarised, but 
with a field of 32,000 Gauss it appears as a completely polarised 
p-component. The two s-components appear separated at 20,000 
Gauss, but they are very broad and hazy. They are almost com- 
pletely polarised, the exact amount of polarisation being difficult 
to determine on account of the small intensity. At 32,000 Gauss 
these s-components appear quite separated from the middle p-com- 
ponent and are less broad. With still stronger fields the central 
component appears as a sharp line, whilst the two outer s-components 
are broad with sharply defined edges so that they definitely appear as 
broadened lines. Since the edges of the latter could be accurately 
measured, it was possible to take the mean values of the wave-lengths 
of the edges of each side component and thereby obtain an accurate 
value of the triplet separation. This separation in a field of 34,860 
Gauss was found, as the mean of three sets of measurements, to be 
AA = 0-510, the true value for the normal triplet being ZA = 0°511. 
In a field of 39,927 Gauss the mean of nine sets of measurements 
gave AA = 0:573, the true valuc for the normal triplet being JA = 0-584. 

The wave-lengths of the central p-component determined at 
different strengths of the magnetic field were as follows :— 


Hl 12774 21829 31899 34860 39927 
r 3947°610 = 3947°572 3047-554 «= 3947°544 «= 3047-541 


The final position of the central component is almost identical with 
the optical centre of gravity of the original triplet. Paschen and 


1 Ann. der Phys., 61, 641 (1897). 


\\ 


PLATE Wi 


Perpendicular. Parallel. 


3947 8 394 7 8 


BIG, 37. 
(From “ Annalen der Physik,” 39, 897 (1912), Paschen and Back.) 


[Zo face page 375. 


THE ZEEMAN EFFECT 375 


Back give this as 3947-556 on the assumption that the intensities of 
the three lines are 10, 7, and 4. We now know, however, by the 
work of Burger and Dorgelo that the intensities are proportional to 
the inner quantum numbers of Landé, ie. 5, 3, and 4 or 5, 3, 
and 1. The true optical centre of gravity of the triplet is therefore 
3947°5332 which clearly has practically been reached at 40,000 Gauss. 

The breadth of the central p-component was found to be 0-086 A. 
or, in wave-numbers, 0-55 cm.-4. The latter value is the same as that 
of the normal triplet given in the same magnetic field by the oxygen 
line A = 4368. This line, which is the second member of the principal 
series of doublets and therefore must be a very narrow pair like the 
ee lines, gives an exact normal triplet in all strengths of magnetic 

eld. 

In conclusion Paschen and Back say: ‘‘ The remarkable definition 
of the central p-component and the exact normal resolution exhibited 
by the centres of the two s-components show that so close an approxi- 
mation is reached to the normal Zeeman triplet, that we are correct 
in viewing, on the observed facts only, the normal triplet as the final 
stage of the changes produced by increasing the magnetic field.” 

The various stages in the development of the normal Zeeman 
triplet with increasing magnetic field are shown in Fig. 37, I to 9. 
The perpendicular components are shown in 10 to 15, and the parallel 
components in 16 to 18. These very interesting photographs are 
reproduced with Professor Paschen’s permission from the paper 
published by him with Dr. Back. The following detailed observations 
may be given :— 


Gauss. 

I 0 The original oxygen triplet. 

2 2800 The three lines are broadened. 

3 6187 The lines are more broadened, but are still separated. 

4 7738 The right-hand edge of the line on the left is streng- 
thened. 

5 10930 ~=The central p-component has now appeared for the 
first time. 

6 12770} New components make their appearance and in 

7 21830 ¢ particular there is a diffuse and broad portion 

8 27880 J on each side. 

9 31900 ‘The new components have disappeared ; the central 


p-component is now fully developed, whilst the 
two s-components are still in process of develop- 
ment and appear very broad and faint, but quite 
separate from the central component. 

10-15 Perpendicular components only, the strengths of the 
field being 6500, 11260, 19770, 27720, and 32430 
Gauss, respectively. 

10 6500 +The parallel components of the three lines ; compare 
3 and 10. 
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Gauss. ; 
17 12000 This was taken in the second order of the grating, 


all the others being in the third order, parallel 
components only. 

18 32000 The middle p-component is completely polarised and 
is the only one present. 


The Theory of the Paschen-Back Effect.—The first explanation 
of the Paschen-Back effect on the basis of the quantum theory was 
given by Sommerfeld. It is very evident from the experimental facts 
noted in the preceding section that in stating the Paschen-Back effect 
in the form “all spectrum lines when examined in a strong magnetic 
field exhibit the normal triplet,’ some explanation of the meaning 
of the word “strong ”’ is required. Thus we learn that the narrow 
lithium doublets give the normal triplet in any strength of field, 
we learn that a field of 40,000 Gauss is required to obtain the normal 
triplet from the oxygen triplet at A = 3647, and we know that the 
anomalous Zeeman patterns of the D lines can be studied with but 
little evidence of distortion being found therein. It is obvious indeed 
that the strength of a magnetic field is in reality a relative term, 
relative to the separation between the component lines of doublet, 
triplet, or multiplet as the case may be. A strong field is one for 
which the normal triplet separation Avpom is large compared with 
the separation Av between the component lines of the spectral term 
under investigation. A weak field is one for which Avacm-is small 
compared with the separation Mv between the consecutive lines of 
the spectral term. 

Let us consider a diffuse series (p,d,) in which the difference 
between the d terms is very small compared with that between the 
p terms. It will clearly be possible in such a case to imagine a 
magnetic field which is strong in relation to the d terms and weak 
in relation to the p terms. In this case the d terms would behave 
as a single term and the resulting Zeeman pattern of the series lines 
would not be the normal triplet given by a singlet line, nor would it 
be the anomalous type characteristic of the diffuse series, but it would 
be something in between the two or what is known as the partial 
Paschen-Back effect. 

It must be definitely understood that the Paschen-Back effect 
only concerns spectrum lines which are connected together by series 
relationships. Two lines which have no series relationships exhibit 
no evidence of the effect, however closely they may be situated 
in the spectrum or however much their Zeeman patterns overlap 
one another. 

In 1913 Voigt! brought forward an explanation of the Paschen- 
Back effect for the D, and D, lines based, like the theory of Lorentz 
for the normal triplet, on the classical theory. A formal simplifica- 
tion of this theory was published by Sommerfeld? who some years 


? Waldemar Voigt, dan. der Phys, 41, 403; 42, 210 (1913). 
* Géttinger Nachr., March, 1914. ies renee fee 


THE ZEEMAN EFFECT 377 


later, as the result of his expression of the magnetic resolution as the 
difference between the magnetic resolution of the combining terms, 
made use of a similar analysis with respect to the displacements 
predicted by the Voigt theory for the components of the Zeeman 
pattern. In this way Sommerfeld was able to express the Voigt theory 
in terms of the quantum theory.4 

He starts from Voigt’s equations of vibration and calculates the 
vibration numbers in terms of the ratio 


—_ Avy = Hy, 
ied Vases 2 sy 


where Avy is the wave-number difference between the two D lines. 
Avporm is proportional to the outer field strength H,-and) as\ HY is 
the inner magnetic field to which the double nature of the p term is 
due Avy is proportional to H;. It follows that v is inversely propor- 
tional to the strength of the external magnetic field, being large for 
“weak ” fields and very small for ‘‘ strong ”’ fields. 

Now, the D lines are due to the combination 1¢ — 279 (D, line) 
and Io — 27, (D, line)? and we know that the o term is single and 
gives magnetic levels with normal separations, and consequently by 
subtraction of the Avporm of the ¢ term from Voigt’s values of 4v for 
the components Sommerfeld obtained the magnetic resolutions of 
the two m terms for the various magnetic or equatorial quantum 
numbers which function in the D lines. At that time Sommerfeld used 
for the magnetic quantum in the case of doublet systems the values 
m= + I and + 3, and he arrived at the following expression for the 
energy of the various 7 levels expressed in terms of Avporm :— 


(50) 


Vv 


amv +v) ae ci 


W=W,, + (m + ft+ 


where W,, is the energy of the mean position between the two D lines, 
3 is the Runge denominator for the 7 terms, the upper sign refers to 
the 7, levels and the lower sign refers to the 7, levels. 

In order to make this formula general for all the terms of a doublet 
system it is only necessary to replace the value 3 by 2k — 1, which, 
as was shown previously, is the general value of the Runge denominator 
for doublet terms. We then have for the energy 


h a eee 
2 
W = Wn -}- 5 (m -{- NE -+- ony =f. Uv ) 5 < (52) 
and for the separation in wave-numbers between the levels 
2mv 
Av = 3(m 1 -[- ot ) : = (53) 


1 Zeitsch. fiir Phys., 8, 257 (1922). 
* The index numbers adopted are based on the inner quantum numbers. 
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It must be noted that Jv is expressed in terms of Avporm and is 
measured from the mean position between the two doublet terms. 
Since at the present time the values of m used for doublet systems 


are + 4, + 3, (53) is to be written in the form + 


Ay= m4 4i Sor Eo : . (53a) 


We may now consider (53a) and its meaning when v is very large 
and when v is vanishingly small. In the first place, when v is much 
greater than unity (weak fields), 


2mv pee me A ) 
fit teat ey Fe ees 
and consequently to a first approximation we may put 


sa) 4 2mv pe eee _ AY | m 
= k—4 2 2h 2 2k — 1 


since from (50) we may put v = Av», the whole expression being in 
terms of Avporm. It follows from this that in the case of weak fields 
(53a) can be written to a first approximation 


Av $9 = n(1 + 35) : : . (54) 


SS 


It will be remembered that 4v is measured from the mean position 
between the two doublet terms and consequently the left-hand side 
with its upper and lower sign stands for the magnetic resolution of 
the doublet term with larger and smaller inner quantum number, 
respectively. We have already seen that the magnetic resolution of 
any term is given by mg and, therefore, from (54) we should have for 
all doublet terms 


I 
Mesos nas ‘ 2 . . (55) 


the upper and lower sign again being applicable to the terms with 
larger and smaller inner quantum number, respectively. If in (55) 
we put k = 2, 3, 4, and § for the z, 8, ete., terms we obtain at once 
the values of g given in Table CLXVII. on p. 367. This at once 
supplies a proof of the validity of Sommerfeld’s formula (53a) since it 
explains the anomalous Zeeman effect as obtained in weak fields 
when v is very large. 


If now for the limiting case of a strong field we put v=o, then 
(53a) becomes at once 


Av=mif . ; ‘ : (56) 


‘Sommerfeld, Atombau und Spektrallinien, 4th Auflage, p. 672. 
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and asm=+4}, +3, etc., the magnetic resolution now becomes an 
integral multiple of Avporm. In other words, the magnetic levels of 
any term are no longer separated by the amount g butiby ‘A veens- 
It is very interesting to follow the changes in the values of the 
magnetic levels of the various terms as the magnetic field changes 
from weak to very strong. These are shown in Table CLXVIIL., and 
it must be noted that those levels which were normal in the case 
of weak fields remain normal in strong fields. For example, the two 


normal levels of theo term remain unchanged on passing from weak to 
strong fields, 


TABLE CLXVIII. 
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Since all the terms are magnetically resolved in a strong field into 
normal levels, it follows that when a line given by a combination of 
two of these terms is resolved in a strong field, the components must 
be separated by the normal interval. Some of the components will 
be found from the scheme of combination of the magnetic levels to 
have intervals of Avpom X 2, 3, etc., but these have vanishingly 
small intensity. This is to be explained by an extension of the selec- 
tion principle which will be discussed below. 

Now up to the present we have considered Av of the magnetic 
levels of the various doublet terms as being measured from the mean 
position of the terms. We know, however, from the Paschen-Back 
results that the central p-component of the normal triplet occupies 
the optical centre of gravity of the doublet, or Voigt’s ‘“‘ Schwerpunkt,”’ 
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and we have to find an explanation of this. Sommerfeld + determines 
the position of the central line of the Paschen-Back normal triplet 
in the following way. The value of Mv given in (56) was obtained 
by putting v= 0, but this must be substituted, in the case of the 
approximation of v to 0, by 


Av=m+ a( 4 e4)| 


: - (57) 
Petey ee 
If we put dv = is where 4’ is the required position measured 
norm 
in wave-numbers from the mean position, then from (57) we have 
_ Av, 
Av’ ay 1 4 Vnorm 
Arron 2 2k — I 
and UNE = Avy=(m+1)dvnom-  - (58) 


In order to find the position of the central or p-component of the 
Paschen-Back normal triplet we must put m + 4 = 0, that is to say, 
m — -- 4, where the upper and lower signs still refer to the terms 
with larger and smaller inner quantum numbers, respectively. In- 
serting these values of m in the left-hand side of (58) we obtain for 
both the terms 


: Av 
Applying this to the 7 terms for which k = 2 we find 
Av’ + = 0, 


that is to say, the central p-component is situated at a position which 
is distant from the mean position on the short wave side by 4th of 
the interval between the two terms. This as a matter of fact is the 
position of the optical centre of gravity in the case of the D lines 
since the intensities are D,: D, as 2: 1 and consequently the optical 
centre of gravity is distant from D, by 4rd of the interval between 
D, and Dj. 

Sommerfeld gives in his paper a diagram representing the change 
from the anomalous Zeeman pattern given by the D lines in weak 
fields to the Paschen-Back normal triplet theoretically given in strong 
fields. I say theoretically because the field strength necessary 
to give the normal triplet would be about 180,000 Gauss which is 
beyond practical limits at the present time. This diagram is repro- 
duced in Fig. 38. The upper part of the diagram gives the two 


1 Loc. cit., p. 676, 
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D lines (the term symbols 7, and zy are the old spectroscopic conven- 
tion) with their anomalous Zeeman components as obtained in weak 
fields, the polarisation being denoted by the Greek letters o and 7 
as is common in German literature. At the lower part of the diagram 
is given the normal triplet of the Paschen-Back effect as would be 
obtained with fields of, say, 200,000 Gauss. The straight lines indi- 
cate the positions to which each anomalous component wanders with 
the change in field, but it must not be imagined that in fields of inter- 
mediate strengths the components would be given by these straight 
lines. 

The two outermost s-components have zero intensity, as also 
have those p-componeats which coincide with the real s-components 


aa. G(X) i) 7) 


= DV ror: Dora 


Fic. 38. 
(rom “ Zettschrift fiir Phystk,”’ 8, 1, p. 259.) 


of the normal triplet. This is due to the extension of the selection 
principle to which we shall come presently. 

Landé expresses the Sommerfeld equation (53a) in a different 
form which is more convenient for a subsequent generalisation to 
systems more complex than the doublet system.! He expresses the 
magnetic resolution of the terms with reference to the optical centre 
of gravity v, of the doublet. He writes (53a) in the form 


age > e. 
Av=»vy,+ om — 1K -|- 2 a. oe + w? - (60) 


where o is the normal triplet interval, w is the separation of the 
doublet terms, and K is his value for the azimuthal quantum number 


1 Zeitsch. fiir Phys., 19, 112 (1923). 
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(K = k — $ in Sommerfeld’s notation, see p. 146). For weak fields 
when w is much greater than 0, (60) becomes 


Av=»y,+4 w( £3 Ze) | om (1 4 aK) . (61) 
=v + wy + omg 


As we are dealing with weak fields it is obvious that »,-+ wy = 0, 
since we know that in the anomalous Zeeman effect Av = omg. 
This gives at once an opportunity of testing the validity of (61) for 
the a, and a, terms where », = 7, — w/3 = 7, + 20/3. It follows 
that for 7, y = 4 and for 7, y= — %, and since K for the principal 
terms = }, these are the values of +4-—H4K. This proof, of 
course, is similar to that by Sommerfeld given previously. 

For strong fields, when o is much greater than w, we have from 
(60) to a first approximation 


drm nto te— jk) tom (e | gy 
= Ve + wy + omg 


In order to differentiate between the y and g in (61) and (62) we 
may write for weak fields 


Av=y+ WYy + OMLy, 


I I 
where yy = +4— We and gy = 1+ xk 
and for strong fields 
Ay = v, + wy, + omg, 
m I ee 
h = + =s = ~— 
where y, = + rae and g,= 1+ ee 


Reference was made above to the recognition by Heisenberg of 
the constant average value of g for various terms having the same 
azimuthal quantum numbers, this average value being 1 when the 
permanent multiplicity is reached and 2 before that stage in any 
system. He also showed that in a doublet system the sum of the 
values of mg, is equal to the sum of the values of mg, for any pair 
of terms having the same k and m but different I.2 This can be seen 
at once from Table CLXIX. which gives the values of My —> mg, for 
the two ¢ terms, 

This permanence of the sums of the values of mg in passing from 
weak to strong fields was shown by Pauli® to hold good for all systems of 
multiplicities. Expressed in his own words: The sum of the energy 
values in all those stationary states which appertain to given values 


1 See equation (29) on p, 329. * Zeitsch. fiir Phys., 8, 273 (1922). 
® Lbid., 16, 155 (1923), 


a 


— he 
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TABLE CLXIX. 


$o—4-> =4|- > —2|-F>-1/_ 3 6 pF 2/23] 44 
$3 ~Fr-3\- 2 >-2|-35-1/3 +0 21/32 
Sum —4—>—4 5-5 kl dao cho AN Oi ge ae 551454 


of m and k remains proportional to the field-strength during the com- 
plete transition from weak to strong fields. 

In calculating the values of mg for strong fields, Pauli subdivides 
the equatorial quantum number m into two quantum numbers m, 
and p, so that 


m= My -+ pL. 
Of these m, may have the 2K values of 0, +1, ...+(K— }), 
and mw may in the case of even multiplicities have the 2R values of 
+H +... +(R-—}), and in the case of uneven multiplicities 


the 2R values of 0, +1, ...+(R-— #4). The values of mg in 
strong fields are then simply given by 


mg=m+2=mM+u=2mM—m . . (63) 


The restriction to the possible combinations can now be expressed 
in these words. Only those transitions can take place in which p 
remains unchanged. This means, when taken in conjunction with the 
selection principle and rule of polarisation, that the Zeeman pattern 
must be a normal triplet in the limiting case of a strong field. 

We may now turn once again to Landé’s interval factor y which was 
introduced above.! Landé shows in the first place that the values 
of this factor for weak fields are given by 


Cag init sateen} 


Yw 2RK (64) 


and these are set forth in Table CLXX., which is the companion to 
Table CLV., which contains the values of g. 

If follows at once from formula (64) that the interval between two 
members of a multiple term (which have the same values of R and 
K) is proportional to the difference between the values of y for those 
twomembers. We have, therefore, the following expression of Landé’s 
interval rule 4," = 4v, — Avy = (y —y’)@, and is proportional to 
[?— I’, Again, formula (63) fixes the optical centre of gravity of the 
multiple term from which we may picture arms of length y reaching 


1 Zettsch. fiir Phys., 19, 112 (1923). 
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TABLE CLXX. 


IN Be 3 KOS Sige Ac) il Le ae A 
poate 9 as ee por S 
2 eB I 2 4 ‘ST OP ney. 8 = 
K | f 2 |k 
al Singlets, R = — Doublets, R = = F 
2 2 
= fe) Oo = 
2 2 
3 2 I 3 
2 : 33 2 
5 “ eRe’? 5 
2 5 5 2 
7 5 sae 7 
2 7 7 2 
9. . ed 9 
2 9 9 2 
u fe) Triplets, R = 3 fe) Quartets, R = + . i 
2 2 252 
Sy arate amen: 3 
2 ©) @iLOr ay £0 G66 2 
5 Oe ae 9 6 I 6 5 
2 ie RG HG TOs TOME LOMO 2 
7 “16 cnt af eens 7 
2 aye Te Bi “TA i 14 2 
9 _20 4 16 io 58 ee 9 
2 2 27 27 CoS es 2 
I re) Quintets, R= 5 fe) Sextets, R= 6 s 
2 2 22 
3 pte ess =) eee | 3 
2 15 15 aS 9 9 9 2 
Heinen a6 EGG eee 5 
a || aR AR Ae 25 Tse | 1s) SiS) age as | 2 
4 32 24 +12 4 24 20m Viet? 25 TS He? 
2 25 25 85 So 88 De TA Pi TA Div Dit 2 
9 OME ae sg Pe £320, ae A 
2 A ee GP 2 27, B77, eee | 2 
I Gg) cope rue é Octets: Rae 
2 | 2 Be 
3 | 16 4 12 9 3 
2 2I 21 21 “7 7B 2 
5 | 3224 «12 A 24 18 Tes 3 14 5 
3" AR 7 89 35 98 3 20 20) 620. 20 25 2 
7 | AS. 44, 39 24 VS) 12. 36 2]. 2h. 19 12 BB St 7 
2a 4ON AON 40 40 OA OneAO 28 28° 28 ) 28° § 28) 28) 28 2 
9 60 52 40 m4 20S 35) Sen 27 eon TDL 13. 2305 
2 63 63° 63 63 63 63 631) 36 36 36 36° 36 ~ SsGuequene 
I 3 5 7 Oa Ae I 2 3 4 tae 47 8 ni 
2 2 2 a) 2 2) 3 5 7 DL NLS ees 
I 2 2S de Suemomeyy 2 2 2 2. . Soe eae 


ee 


~~ ye 


THE ZEEMAN EFFECT 385 


out and carrying the term niembers as weights. The weight of each 
member is the number of magnetic terms it gives, that is to say 21. 
There will exist a complete balance between all these weights for 
any one multiple term with definite values of R and K, that is to say, 
the sum of all values of 2Iy,, for the term will be zero, or 


> 2Iyy 0), 


I 
when R and K are constant and I varies from | R+ K | —# to 
| R—K|+4. Asan example of this we may take the d term of 
the quartet system (R = 4, K = 8). 
The values of y, and 2I and their products are given in Table 
CLXXI. 
PABIER Gl X x 


Yu: al. 21Yu- 
9 18 
10 2 ATO 
6 24 
Tie 4 8S 
I 6 
STG : — To 
6 48 
ga 8 re 


and as may be seen the sum of the values of 2Iy, is equal to zero. 

The position of the optical centre of gravity (Voigt’s Schwerpunkt) 
can of course be found at once from the values of y,,, and as an instance 
we may take the D lines of sodium. The values of y, are — 2 and 
+ 3 for the two 7 terms, and consequently the position lies at two- 
thirds of the interval between the lines measured from the D, line. 
This was indicated in Fig. 38 on p. 381. 

Landé deals with the value of y, for strong fields, and he shows by 
analogy with the Pauli method of calculating the values of g for strong 
fields the values of y, are given by 


m 
Ye R D " 
The values of m, and p are as follows :— 
m, = I1— K, e=m—(I—R), whenm=2R— Ky (6s) 
m=m—(R—J], p=R-YI, when m S R — KJ 


In Table CLXXII. are given the values of mg and y for weak and 
strong fields for singlet, doublet, triplet, and quartet terms, these 
being taken from Pauli’s and Landé’s papers.1 The upper figures in 
each case give the change in mg in passing from weak to strong fields, 
whilst the lower figures give the corresponding changes in the values 
of y. 

1See also Zeemancffekt und Multipletstruktur der Spektrallinten, p. 70, 
E. Back and A, Landé, Julius Springer, Berlin, 1925. 
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TABLE CLXXII.—Continued. 
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It may be seen from Table CLXXII. that the same principle of 
permanence of sums applies to the values of y as to the values of g. 
The sum of the values of y, for all the members of a multiple term 
(with m, R, and K the same) is equal to the sum of the values of Vw 
for those members. For example, in the diffuse term of the quartet 


system (R = 3, K = 3) we have form = 1} 


3 ied erat DEG py ee = $3 
bio : te = Se PO ae eS 


This can be expressed by 


> = > Ys 
I f 
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It is of great interest to follow the changes which must take place 
in the Zeeman patterns of a given multiplet as the magnetic field is 
increased from very weak to very strong. These changes can readily 
be calculated from the values of mg given in Table CLXXII. The 
Zeeman patterns which are obtained with weak fields, that is to say, 
fields which are weak as regards both the combining terms, have already 
been discussed in some detail. As the magnetic field is increased 
the first effect to be observed will be a distortion of the symmetry 
of the Zeeman patterns, this being the first indication of an incipient 
Paschen-Back effect. 

Since in general the members of one of the combining terms are 
closer together than the members of the other term, the former term 
will be the first to be influenced by the increase in the strength of the 
field. The first case to consider, therefore, is that in which the 
magnetic field is very weak with respect to one term and moderately 
strong with respect to the other term. As an example we may take 
the 7,6; combination of the doublet system, and, since the 8; levels are 
closer together than the 7; levels, we may assume a field strength which 
is very weak as regards the latter and moderately strong as regards the 
former. In this case the values of mg for the two z levels will be those 
already given for very weak fields, but those for the two 6 levels will 
lie somewhere between those for very weak and those for very strong 
fields, In Table CLXXIII. are given the combination schemes for 
the three lines of the diffuse doublet, the values of mg for both weak 
and strong fields being given in the case of the 8 terms. In deriving 
the final Zeeman patterns both these values are used as shown in 
Table CLXXIII. 

In the Zeeman pattern which is actually observed the various 
components will lie somewhere between the two extreme positions 
which are given for each. In other words, a distorted and unsym- 
metrical pattern will be obtained, the amount of distortion increasing 
with the strength of the field. 
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TABLE CLXXIII. 
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The foregoing is one of the simpler cases of the incipient Paschen- 
Back effect. As can readily be understood the distortion will be 
greatly increased if the levels of both the terms are sufficiently close 
together to be affected, that is to say, if the magnetic field is moder- 
ately strong with respect to both terms. 

The next case we may consider is that in which the field is very 
strong as regards one term and very weak as regards the other. This 
condition gives what is known as the partial Paschen-Back effect 
and, although we may again deduce the Zeeman patterns of the 7,03 
lines, it is not convenient to use the values given in Table CLXXIIL. 
The reason for this is that the 8, and 8, terms can no longer be con- 
sidered as separate entities but as a single 8 unit. Further, owing to 
the existence of the external field the inner quantum number selection 
principle no longer holds and the combination 77,53 now occurs. The 
values of mg for the 6 unit are given in Table CLXXIV. those derived 
from 6, being given first. 

The combinations between the 8 values given in Table CLXXIV. 
and the a, and 7, levels are given in Table CLXXV., the usual rules 
as to transitions in m being obeyed. 
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TABLE CLXXIV. 
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As can be seen the Zeeman patterns have again become sym- 
metrical. Observation has shown that all of the calculated components 
do not make their appearance, and it would therefore seem that there 
must exist a new selection principle. This, however, has not as yet 
been formulated. 

Lastly, we come to the complete Paschen-Back effect in which 
the two 7 terms as well as the two 6 terms are completely changed 
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by a very strong field. We then have the values of mg for the 7 and 
6 units given in Table CLXXII. It must now be remembered that 
in this case, according to the principle enunciated by Pauli, combina- 
tion only occurs between those levels which have the same values of 
#. These are found from equation (63), 


-=mg—m, 


and are given in Table CLX XVI. under each value of meg. 

The Zeeman Effect in Multiplets of Higher Orders of Complexity. 
—The only spectrum of a higher order of complexity which has been 
examined in the magnetic field is that of neon, and the results seem to 
show that Runge’s law and probably also Preston’s law are not obeyed. 
This divergence from the two standard laws of magnetic resolution 
was theoretically deduced by Heisenberg,! who also suggested that 
Runge’s law in the case of simple multiplets is only approximate. 
On the other hand, Back concludes from his measurements of the 
neon spectrum that in the first members of the s and p term series 
all the values of the resolution factor g are multiples of the Runge 
fraction 3). 

If Heisenberg’s deduction is correct, then, as Landé? points out, 
all the values of g for terms of higher order of complexity than the first 
are not rational and constant with varying total quantum number 7. 
On the other hand, the values of g for terms having the same values of 
K and I give rational and constant sums. Thus the three neon terms, 
Ps, Pe, and pg (I = $) ® possess values of g which are irrational and 
vary with m, but which give the rational and constant sum A. 
This g-sum is to be divided in an irrational and variable manner 
amongst the three p terms, this being indicated by the expression 
731: 3. Rational and constant values of g only exist when there is 
only one term having a particular value of I. Thus in the case of 
neon there is only one p-term with I = zy and the value of g for this 
term is 4. 

Landé gives two methods of calculating the values of g and 
g-sums, the first of these being a combination of the principle of 
branching 4 and the permanence of g-sums © in simple multiplets. 
He illustrates this method with simple multiplets and takes the case 
of an ion having a doublet o term with the resolution 


m = +4 
mg == i ae Ty 


If this ion captures another electron to give an s term, then the values 
of m branch into m + 4 whilst those of mg branch into mg + 1. 


1 Zettsch. fiir Phys., 26, 201 (1924). 2 Ann. der Phys., 96, 2 

* This is Paschen’s notation (see p. 213). Ee 
A Landé and Heisenberg, Leitsch, fiir Phys., 25, 279 (1924); see also Pp. ere. 

° Pauli, zbzd., 16, 155 (1923); see p. 382. . 
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et ean CO iy ie 
ALag 


Doublet o term of ion —I 
Wak Rae 
Singlet and triplet s terms ~“ 
of the atom. i Pee kG 
In this way we obtain 
Singlet s term. Triplet s term. 
mg = 0, mg= — 2, 0, + 2 


these values being the same in weak and strong fields. The resolution 
of the p, d, and f terms in strong fields is obtained by increasing the 
values of m and mg for the s terms by 0 and +1; 0, +1, +2; and 
0, +1, +2, + 3, respectively. We thus obtain for strong fields the 
values shown in Table CLX XVII. 


TABLE CLXXVII. 


SINGLET. 
m —2 —I1 (9) + 1 qa 
S fe) 
12 | —I fe) + 1 
D | =e — I fe) in +2 
! 
TRIPLET, 
m 8} ea ait fe) I 2 S. 
S —2 fa) ee 
Pow =13, Pa DyOy teed +I, +2 + 3 
hogs Nees Ai) sh = Be, ate CON aoe Fok Se iy ae WS ene y | ee 


In order to calculate the values of mg for weak fields the law 
of permanence of g-sums is utilised. The values of mg, in each 
compartment are added together and the resulting sums are divided 
up in such a way that the new terms mg, are the products of m into 
the factors gy. This subdivision of the g-sums gives the results 


shown in Table CLX XVIII. 
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TABLE CLXXVIII. 


SINGLET ; mg. 


m =2 = oO Tee ee 
S 0) 

12 — I O +1 

D 2 — I fo) qa +2 


Triplet Mey 


As can be seen at once these give the known values of g for weak fields.} 
Landé calculates the values of g for the multiplet terms of the 
second order of complexity in exactly the same way and gives as his 
example the case of neon, starting from the doublet 7 term of the 
neon ion which shows the following resolution in strong fields :— 


—4 + 4+ 
1,0 0, +1 +2 


If the capture of a further electron yields an s term of the neon atom, 
then by exactly the same branching of m and mg, we have 


Mm = 


roles 


th too 
| 


mg 3 


mm -2 - 


Doublet a-terms 
of the ion 


=D -1,0 0,+1 +2 
Singlet - triplet- A ‘ J I i i 
-3 eet Ohl +3 


quintet s-terms +1,42,+41 
of the atom ae 


The resolution of the p, d, and f terms is obtained exactly as 
before by the branching of the values of m and mg for the s terms, 
with the result as shown in Table CLXXINX. 


1 See p. 367. 


m 
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TABLE CLXXIX, 
1335-SYSTEM ; 1£. 
me =e = ° +1 +2 +3 


3 il ies S 0, +1,—1,0 Gis ia Cats nee 


Stl re 0 — 2,2) — 1, ||—=1,—1,.0,0,0, |) 0) -2)- 2-2, | o3net 3s 
2,58 | =t,—1,—1,—2 | 0,0, t cto! | cet, fer, slob aces |e 


In order to obtain the values of mg in weak fields, the values of mg, 
in each compartment are added together to give the sums of mgy. 
As before these sums should be divided up in such a way that the new 
terms mg are the products of m into the factors g,,, but this is no longer 
free from ambiguity, since it is only the sums which are certain. Where 
there is more than one term having the same value of [it is not possible 
to evaluate the individual numbers, mg,. Adopting the conventional 
method mentioned above we divide up the sums in the manner set 
forth in Table CLXXX. 


TABLE CLXXX. 


1335-SYSTEM 3 Ly. 


S 3 _ 3; 5 
=5 i Ot 0, 0, 0, 0 betas kG + 


II 4 22 8 12 
ae +5:4+ 513, +2 |[t5:3+3 | + 
PSi4 > 333, +3 + 3 


12 8 22 4 II 0, 0, 0, 0, 0, 
3 3 Se 3 


Sil ets uses Seat 0, 0, 0, 0, 0 


From this table the following values of g and g-sums are obtained for 
weak fields :— 


I 1 5 5 7 

S $ 5:32 3 1835 
0. . A 4 

P yo: 2 5:4 ied o 3 


The second method used by Landé for the calculation of values 
of gy for the multiplet terms of higher orders of complexity is based 
on the ideal values which Heisenberg conceives g, would have in the 
limit when the total quantum number # is very large. He exemplifies 
this method once again for the case of neon and employs the following 
argument. If the doublet 7 term of the neon ion (R= and 
K = 3) captures another electron with K =}, the resulting 
s terms of the neon atom should exhibit the same magnetic resolu- 
tion as the terms obtained when an ion with R= and K= } 
captures an electron with K = 3. The latter terms, however, with 
R=2-+4and K = 3 will be the p terms of the singlet and triplet 
systems of the first order of complexity, the values of gy being I, and 


9 3 3, respectively. According to Heisenberg, the ideal values 
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of g, for the four s terms of the neon atom are not all unity, nor 
are they equal to 2 as in the case of the s terms of first order multi- 
plets. From formula (31) on p. 332 the latter are given by 


where o= 


and as for s terms K = $, R= I it follows that 8 =1 and go == 2, 
The ideal g-values of the four s terms of the neon atom (S =5 1) sare 
given by 


gi) oeal,, | Sea se eal, 


Using these ideal g values and deriving from them the ideal g values 
for the p and d terms of neon, we obtain the values shown in Table 
CLXXXI, 


TABLE CLXXXI. 


Singlet, Triplet, Triplet, Quintet, 
R=! Ras Ro R=2 
2 2 2 2 
eS. I 3 3 
fo) 2 2 
p I ed I I & SO, Z. wh 4 
° Omr4 4 F-12535 
a I 1 Tet 32357. se SS 3S 
426 Og gy 
[ee 13 kD Les eee ea Be 5 7 Lan eaerem: 2S) 
DD PP De | ea i BB BD 2 2) 2a (Oe ome 


As will be seen the values for the s terms are the same as those ob- 
tained for the p terms when the order of capture of the electrons is 
reversed. These ideal g values are now arranged according to the 
values of I as shown in Table CLXXXII. 


TABLE CLXXXII. 


I Zi 3 S 7 2 
22 2 2 2 24 
5 go rab nes) 3 
(e) 2 2 
‘ | 
r a ye heat A ab come j Pee oe 4 
O16 ree 4 2 3 
d Shes Sen ee iy jis eee | eens 5 
o 4’ 4 12° 4 | GY og 4 
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Now the real values of g differ somewhat from these ideal values, but 
the sums of the real values equal the sums of the ideal values. The 
ideal values in each compartment of the above table are added together 
and the resulting sums are to be divided in an irrational manner as 
was done previously. This gives the values set forth in Table 
CLXXXIII., and they are identical with those calculated by the 
first method. 


TABLE CLXXXIII. 


I 3 5 Z. u 
: 2 2 2 2 2 
: See eho: 
1) 2 2 
fe) ir 4 
=i 2 mand i .o 
p Fe 5 5 3 3 
° 3 12 4 


Landé gives a table of the values of g- and g-sums for the terms 
of four systems of multiplets of the second order, and this is repro- 
duced in Table CLXXXIV. 


TABLE CLXXXIV. 


I I 2 3 4 5 
2 4 
Ss 3 ; ns 
p 8 2) 3?» 2 
3 15 5 
d 2 We $32 é 2:2 a 
3 15 35 7 
4 re, T2050 fe) 
f 5 35 63 9 
I I 2 3 4 2 6 
mee “a 6 
: | 8 
2 Song ke ° 
p 3 15 35 7 
ae 32. , Th og 128 4 Io 
- ya 15 35 63 9 
5; 2 care 72.5 128 . 2. 200 12 
/ 3 iS 35 63 99 7 
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TABLE CLXXXIV.—Continued. 


I 3 5 a, g ae 
I 2 2 2 2 2 2 
fe) 5. 3 
3 = Beh 5 1335 
© 2 G eon 
O II 4 
=D 6 = 
p fo) ae 3 3) 
O HB 40 ») 
d S 3.83) ea Ap 3 4 
I ie, 25 35% 6 
dé 3 ra Z 4 eee) 5 
I 3 5 Z 9 ay a 
I 2 2 2 2 2 2 2 


a 
NS = 

s 

wo AS 
ie} 

_ 
Wit 
| 
wo 
or 
or 

| Ei 

eee 


) ‘ ae 2 
2 é Se 8 oe i 4 
ce} : 13 25, 335 6 
a Bos ig a! 5 4 gon ca 
fe) 13 25. 41. 97. if 
f O ae ule FL Gie Sane BAS 303 6 


The theoretical conclusions of Landé as to the values of g for 
the neon terms have been experimentally tested, so far as the s and 
p terms are concerned, by Back.’ Observations of the Zeeman pat- 
terns given by the lines of this gas had previously been made by 
Lohman,” Takamine and Yamada,? and Nagaoka,‘ but these need not 
be detailed in view of the greater accuracy of Back’s measurements. 
The method of the determination of the values of 7 and g has already 
been explained, and it is only necessary to give the values of g for 
the four s terms and the ten p terms. The nomenclature of these 
terms is that adopted by Paschen and dealt with in Chapter L., p. 213, 
the values of I and g being given in Table CLXXXY, 

From the g values set forth in Table CLXXXV. it is possible at once 
to test the theoretical deductions made by Landé as to the values of 
the g-sums and of g for the single terms sg, sz, Pi, Pg, and py. The 
members of the three groups of terms 


oa 4 Le 
Pr Ps, P, Pio I= 2) 
Pa Po Ps Less, 
1 Ann. der Phys., 76, 317 (1925). * Dissertation, Halle, 1907, 


* Proc. Math. Phys. Scoc., Tokyo, 7, 277 (1914) 
4 Proc. Phys. Soc., London, 28, 83 (1921). 
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have the same values of I as shown, and consequently, according to 
Landé, the sum of the values of g for each group should be a rational 
number. As shown in Table CLXXXIII., p. 397, the values of these 
g-sums should be 2, 5, and 4, respectively. In the upper part 
of Table CLX XXVI. the mean values of g found by Back are arranged 
according to the values of I and the sums of each of the three groups 
are given. As can be seen these agree exactly with the values calcu- 


lated by Lande. 


TABLE CLXXXVI. 


Values of g expressed 


Li g obs. 2g calc. as Runge fractions. 
I 
4 2 1-464 yoy oe 
2D 30 
i Sum 27408 ee 2500 Syed os 
2 2 30 
Pa 2 1-301 1-300R—— 39 
2 30 
4 | Po u 1229 1-233 = 37 
E é ae 
o a 
& Ps e 1°137 (33) —— 34 
a is 30 
S) 
q 
s Sum 3667 TT = 3:667 wire 
oa) ; 3 3 30 
fe) 
P2 S 1*3400 15333.= =o 
Ps 3 0°9990 1-000 = 3° 
Pe 30 
Pa ° 0°6695 0667 = 22 
Z 30 
3 
Pro 5 1-9840 2000 = = 
Pe) 
Sum 4°9925 5:0 5:0 = aoe 
30 
; I oO fe) 
2 oO oO . 
Ss 5 1503 3 Bye 
2 2 24) 6 
I ) fe) 
Pi 2 ® 0 1) 
I o oO 
7 2 } ° 
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: s 1-329 2 4 = 4° 
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In the lower part of Table CLXXXVI. are given the values of g 
experimentally found for the five single terms, and these again agree 
with the values calculated by Landé. 

In his paper Landé stated that the g-sums are to be divided in an 
irrational manner between the terms composing the groups, but Back 
shows that in the first members of the series of s and p terms the 
values of g can all be expressed as rational numbers, namely multiples 
of the Runge fraction »,. This is shown in the last column of Table 
CLXXXVL, the g-sums also being expressed in terms of the same 
fraction. This does not necessarily conflict with Landé’s theory, 
since it is not possible from these investigations to say whether the 
values of g will be the same for the higher members of each series. 

Apparatus and Experimental Methods.——In dealing with the 
experimental methods employed in the study of the magnetic resolu- 
tions of spectrum lines there come under consideration first the ap- 
paratus, that is to say, the light source, the electro-magnet, and the 
spectrograph, and second the measurement and calculation of the 
distribution of the components of each Zeeman pattern. Theapparatus 
may be described first, and before any details are given a few general 
remarks may be made on the nature of the problem which faces any 
investigator in this most interesting field of work. The essential 
feature is the very fine structure of many Zeeman patterns, which 
necessitates the use of a spectrograph of high resolving power. In 
addition to this it must be remembered that in order that the full 
resolving power be utilised rigid control must be maintained on the 
magnetic field, which must be both homogeneous and constant. 
Then again, it is necessary that the spectrum lines in the absence of 
the field be as narrow and sharply defined as possible. Furthermore, 
the decrease in the effective intensity owing to the resolution into 
components necessitates longer exposures than is necessary in ordinary 
spectrum work, and this increases the importance of a,constant 
temperature in the laboratory, which may readily be disturbed if 
the electro-magnet becomes warm during its use. The possible 
sources of trouble, therefore, are many, but during recent years the 
experimental technique has so far been advanced that the analysis 
of Zeeman patterns has reached a remarkable degree of accuracy. 
The truth of this statement may at once be justified by a reference to 
the work of Back on the magnetic resolution of the lines of manganese 
and neon. 

In describing the apparatus in detail we may first consider the 
magnet and then the light source which must be set up between the 
poles of the magnet. It wil! be obvious that the first object to be 
aimed at is the largest field possible, since the separation of the 
components of the Zeeman pattern is proportional thereto. In 
order that the definition of the components be the best possible it is 
equally evident that there are three additional requirements, namely, 


1 See pp. 343 and 308. 
VOL. IIT. 20 
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(1) that the field remain constant during the whole period of photo- 
graphic observation, (2) that the field be homogeneous over the whole 
region in which the light emission takes place, and (3) that the tem- 
perature of the magnet remain constant during the whole exposure. 

It is not possible to enter here into the theory and design of 
electro-magnets suitable for this type of work, but reference may be 
made to important papers by du Bois on the half-ring construction a 
and by Weiss on the rectangular form. As regards the minimum 
field strength required, this depends on the type of spectrograph to be 
employed. It will be shown below that, except in special cases, the 
concave grating is the most convenient apparatus for general work, 
and with the largest instrument of this type a field of 35,000 to 40,000 
Gauss is necessary to observe the resolution of the fine Zeeman 
patterns. Fields up to this strength were used by Paschen and Back 
in their work on the Paschen-Back effect, and by Back in his work 
on manganese, neon, etc. 

The construction of a large electro-magnet has been described 
by Weiss.? An important feature is the use of copper tubing in place 
of wire for carrying the exciting current. The tubing is 6-4 mm. in 
external and 3-6 mm. in internal diameter, and it is capable of carrying 
100 amperes, the whole being kept cool by water circulating through 
the coils. Each of the exciting coils is built up in five sections of 
144 turns, which are connected in series for the current and in parallel 
for the water circulation. This use of copper tubing through which 
water is circulated prevents any heating of the apparatus during 
operation and as has already been pointed out this is an absolute 
necessity when long exposures are used. A constant field, moreover, 
is secured by reason of the fact that with constant temperature the 
resistance of the coils remains constant. 

In order to observe the longitudinal Zeeman effect it is necessary 
that the poles of the magnet be bored so as to allow observations to 
be made through them. This, however, has the great disadvantage 
that it is prone to produce a field which is non-homogeneous, and 
for this reason it is customary to use solid pole pieces and only 
to observe the transverse effect. For this work the poles are fitted 
with conical pole pieces and the points of these cones are ground 
flat, the flat surface being from 5 to 7 mm. in diameter and the angle 
between the apices of the cones being 125°. In this way the magnetic 
field is concentrated on a cylindrical space within which the light 
source is placed. The distance between these plane surfaces is ad- 
justable by means of a screw. 

In the usual type of electro-magnet the core and the pole pieces 
are made of soft iron, the upper limit of the field being fixed by the 
saturation value of iron. Weiss showed that the alloy of iron and 
cobalt, Fe,Co, has a saturation value 10 per cent. higher than that 


* Zetitsch. fiir Instrumentenkunde, 1911, 376. 
* Journ, de Phys., 6, 353 (1907). 
* Arch, des Sciences, 44, 464 (1917). 
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of iron. Although it is not possible to construct the whole core of 
this alloy, considerable advantage is obtained by using it for the ends 
of the pole pieces, an increase of 5 per cent. in the field being thus 
obtained. 

Turning next to the light sources which are most suited for use 
in a strong field, it must be remembered that an electric discharge 
is readily affected by the field and a special technique is necessary 
to obtain the best results. The most usual light source is the spark 
discharge, and we are indebted to Back for a special method whereby 
excellent results may be obtained with certain metals. The essential 
condition to be obtained is a discharge of sufficient intensity which 
gives the spectrum lines with the sharpest definition possible. In 
general this cannot be secured by the use of pure metallic electrodes, 
since the density of the metallic vapour in the spark tends to give 
broad and badly defined lines and in many cases self-reversal. Back 
points out that the best results are obtained by the use of an alloy 
of the required metal. 

The electrodes consist of narrow thin strips which at one end 
have a circular disc of the same diameter as the flat end of the pole 
pieces of the magnet. These electrodes, which may be about 2 em. 
long, are attached to brass rods cemented in glass tubes for convenience 
in mounting. It is of course necessary that the stand and clamps for 
holding these tubes have no iron in their construction. In mounting 
the electrodes they are set so that their terminal discs are exactly 
parallel to one another and the flat ends of the pole pieces of the 
magnet. In this way the whole of the air space between the discs will 
lie in a homogeneous magnetic field. In order to insulate the elec- 
trode discs from the pole pieces thin sheets of mica may be placed 
between them. This method of mounting is the most symmetrical 
possible and every spark discharge takes place in a homogeneous 
field. 

As has already been said the material out of which the electrodes 
are made should be an alloy of the metal under investigation with 
some other metal such as zinc, cadmium, silver. As will be discussed 
below the strength of the field used in any observation is determined 
from the measurement of the resolution of lines which give normal 
triplets or a known definite pattern. For this reason the alloy 
should contain as one of its components a metal giving such standard 
lines. 

In the case of the alkali metals, calcium, and strontium, alloys 
of which cannot be prepared in the usual way, the following method 
of preparing alloys with silver was used by Back. The electrode 
discs are now made of carefully purified gas carbon and coated with 
the silver alloy by dipping them into a fused mixture of the nitrates 
of silver and the metal required. 4o grams of silver nitrate are 
melted in a crucible and then 20 grams of sodium nitrate, for example, 


‘Compt. Rendus, 156, 1764 (1913). * Dissertation, Tiibingen, 1092r. 
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are added and the whole melted together and well mixed. The 
temperature is then raised to the boiling-point of the mixture and the 
carbon electrodes which have previously been heated and cooled are 
dipped into the melt. Copious evolution of the oxides of nitrogen 
and carbon takes place and the electrodes become coated with a thick 
metallic layer. The discs are dried near the flame and the metallic 
layer rubbed with emery paper. For the purpose of obtaining 
standard lines a small fragment of aluminium nitrate may be added 
to the original melt, when the lines at A = 3944 and 3961, which give 
the D, and D, types, will be obtained in the spectrum. This method 
can also be used with cadmium, zinc, magnesium, and aluminium. 

When an alloy of the required metal cannot be prepared it is 
advisable to employ an entirely different method, since, although 
it is possible to use a carbon electrode coated with a layer of a fused 
salt, this, as a general rule, is not satisfactory. By his design of 
an intermittent arc in vacuo Back has succeeded in removing almost 
all the difficulties in obtaining a light source which satisfies the whole 
of the criteria demanded by the most exacting experimenter. So 
far as metallic spectra are concerned the main principle of this 
apparatus consists in a rotating brass rod which carries at its end 
a strip of metallic tungsten. This strip is bent so that during each 
revolution it touches an electrode of the metal under examination. 
At each contact an arc is formed between the two which is again 
broken after a very short interval of time. In view of the great value 
of this method the apparatus may be described in detail. 

Back prefaces his account of the apparatus with some general 
remarks which may well be quoted. The maximum sharpness of 
spectrum lines can only be secured with a light source in a vacuum, 
and the possible means of gaining this end are the vacuum tube, the 
vacuum spark discharge in series with an external spark gap in air, 
and the vacuum arc. The two first have certain disadvantages. 
The discharge in a vacuum tube across the lines of force is hindered 
by the field. The discharge shrinks to a thin thread which lies on 
one side of the capillary tube, the character of the discharge being 
similar to that obtained at higher pressures. If the capillary portion 
of the tube is placed parallel to the lines of force these disadvantages 
disappear, but there arises a danger of the want of homogeneity in 
the field (owing to the necessity for the use of hollow pole pieces). The 
vacuum spark suffers in intensity since most of the energy is used up 
in the external spark and in addition to this disturbances occur owing 
to the Stark effect. 

The vacuum arc is free from these faults. If the discharge passes 
in a direction parallel to the lines of force a truly homogeneous field 
can besecured. ‘Then, further, it has the advantage that the electrode 
carrying the metal under investigation can readily and quickly be 
changed. Lastly, there is the additional advantage that the vacuum 


* Ann. der Phys., 70, 333 (1923). 
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arc in hydrogen under reduced pressure gives both the arc and spark 
lines of the metal. In the absence of the magnetic field, only the arc 
lines are obtained, but when the field is established the spark lines 
make their appearance with an intensity which often surpasses that 
of the arc lines. This change takes place even with the weakest 


») Vols 70, p. 337; 1923.) 


FIG. 39. 
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fields without increasing the potential of the discharge. The phe- 
nomenon gives a ready method of differentiating between the two 
types of lines. 

The apparatus is shown in Fig. 39 where A is a section across the 
lines of force and B is a section through the axis of the pole pieces 
P, and P,. R is a stout bronze cylinder and the two pole pieces are 
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recessed as shown so as to make a sliding fit. The junction is made 
air-tight by means of the rubber rings G, and G,, and by the use of 
rings of different thicknesses it is possible to adjust the distance 
between the pole pieces to any desired amount. The bronze cylinder 
is provided with six side tubes, 1 to 6, and of these 2, 4, 5, and 6 
have transparent windows cemented on for purpose of observation, 
whilst two, I and 3, are conical and into these the cones K, and K, 
are ground in. In addition to these there is a further side tube, T, 
which is attached to a mercury air pump. The two cones are bored 
centrally and carry the two electrodes, and of these that in K, is 
adjustable only in the direction of its length, whilst that in K, can 
only be rotated around its central axis. The construction of the 
K, electrode is so designed that the position of the end piece, E, which 
consists of the metal under examination, can be accurately adjusted 
and also that E may be changed during an observation without in- 
terrupting the magnetic field. The end piece E is attached by the 
electrode-holder H, and this in its turn is attached to a brass rod, 
which is cemented inside a glass tube M. This glass tube is cemented 
inside a brass tube D. The complete details are not shown in the 
diagram, but the adjustment parallel to the axis is secured by means 
of the ring screw Q. It will be noted that this electrode is insulated 
from the bronze cylinder. It is of course necessary for the final 
adjustment that E be capable of movement in a direction parallel to 
the lines of force, and this is secured by means of a slotted strip of 
brass attached at right angles to the brass rod, and the electrode 
holder H, is clamped to this strip. 

The electrode K, is not insulated and consists of a brass rod O 
which passes through the central boring shown in the cone Ky. The 
fitting is made air-tight by means of the thick walled rubber tube S. 
In order to guard against side play in the central brass rod, the 
bracket W is attached as shown, the final lateral adjustments being 
effected by means of the screws U, and U,. The rotation of the elec- 
trode is secured by a pulley wheel and a belt attached to an electric 
motor, the velocity being 5 to ro revolutions a second. At the end 
of the brass rod is attached the electrode holder H, which is slotted 
and carries a set screw. In the slot is held a strip of tungsten Z, which 
is ground to the required shape. As the rod is rotated this strip 
makes and breaks contact with the electrode EK, an intermittent arc 
being thereby formed. 

Before use, the lamp is thoroughly exhausted, and then filled 
with hydrogen, after which the pressure is again reduced to 8 to 10 mm. 
The residual hydrogen serves to guard against any oxide formation 
and the presence of oxide bands in the spectrum. A thin strip of mica 
is introduced between the pole piece P, and the electrode E. 

In their book Landé and Back give a few details as regards the 


\ + Zeemane ffekt und Multipletstruktur der Spekirallinien, p. 128, Julius 
Springer, Berlin, 1925. ; 


THE ZEEMAN EFFECT 407 


preparation of the electrode E about which no general rules can be 
laid down. Metals of low melting-point, e.g. sodium, thallium, lead, 
etc., can be cast into a copper tube in which a hole is drilled exactly 
in the axis of the magnetic field opposite to the tungsten striker Z. 
Metals like chromium and manganese must be powdered and then 
pressed, whilst metals intermediate between the two extremes, such 
as bismuth, may be cast in a thin layer on a strip of manganin sheet. 
Again, the carbon electrodes, coated with the silver alloy in the manner 
previously described, may be used. The apparatus may also be used 
for gases, in which case the lamp is filled with the required gas, and 
purified gas carbon is used for the electrode. 

Direct current is employed at 50 to 200 volts, with 1-5 to 3 amperes. 
The introduction of self-induction improves the sharpness of the 
spectrum lines and renders the are more constant. 

In his paper on the Zeeman effect with neon Back ! describes the 
use of this lamp for exciting this gas. The two cones, K, and Kg, 
are replaced by two glass tubes which are hermetically cemented in. 
Each of these glass tubes carries a brass rod cemented in and these 
rods carry at their lower ends thin circular copper discs which are 
of the same diameter as the flat ends of the pole pieces. These discs 
are adjusted in the centre of the field so that they are parallel to one 
another and at right angles to the force lines, the electrode K, being 
no longer rotated. The pole pieces are insulated from the copper 
discs by the interposition of mica sheets. The discharge is obtained 
by means of a high potential transformer without a condenser and 
air-gap, and the pressure of the gas is maintained at 2 to3 cm. The 
same arrangement may be used with other gases, in which case the 
pressure giving the best results varies with the particular gas dealt 
with. With the discharge through a gas no standard lines are given 
for use in determination of the field strength. The construction 
of the apparatus allows a rapid change from one set of electrodes 
to another without altering the magnetic field. Not only does this 
enable the electrode E to be renewed during an exposure, but also it 
permits the arc discharge to replace the gas discharge and so impress 
the necessary standard lines on the photographic plate. Back says 
that if the various electrodes in their respective holders have pre- 
viously been adjusted, the change can be effected in less than two 
minutes. 

A few remarks may be added with respect to the spectrograph that 
is best suited for the study of the Zeeman effect. In order to analyse 
the fine structure of a Zeeman pattern the first question which 
arises is the resolving power. It is a simple matter to calculate 
the minimum resolving power which is necessary for the measurement 
of the Zeeman pattern given by any line of a known combination from 
Landé’s table of g values if the strength of the field is known. It 
will be seen on reference to p. 342 that the separation of any pair 
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of consecutive components in a Zeeman pattern in terms of the normal 
triplet separation has a minimum value of g, — 8y where g, and gy 
are the g-values of the two terms which combine to give the parent 
line. The wave-number interval, therefore, between the lines which 
have to be resolved is (gq — gy)A vnorm oF (Z¢ — gy) X H x 4-7 X 1075, 
and the wave-length interval AA is (g, — g,) x H x 4:7 X 107° X d?. 
The resolving power necessary to separate the two components is 
A/AX1 and we therefore have 


A I 
AN “(g, = ey) Grey 16 
As an instance we may take the manganese line at A — 4033 A, 
or 4033 X 1075 cm., which was measured by Back,? and put 
H = 3 x 10* Gauss. This line is due to the combination n>, — Hon 
the values of g, and g, being 2 and $8, respectively. We have 


AP 35 
Ak 4X47 xX 10-5 xX 3x 10! ¢'4-033-X Tore 
= 154000. 


It must be remembered that this is the minimum value of the resolving 
power necessary under perfect conditions of definition, etc. In 
actual practice a greater value will in all probability be required. 
It is obvious that in work on the Zeeman effect the greatest 
resolving power and the strongest magnetic fields are desirable, 
and when the best form of spectroscope is discussed we have the choice 
between the concave grating instrument on the one hand and the 
interferometer type of instrument (echelon grating, Fabry-Perot and 
Lummer-Gehrcke interferometers) on the other. Whilst the latter have 
very high resolving power they have certain disadvantages compared 
with the former. Owing to the necessity for using monochromatic 
light with an interferometer, only one line can be observed at a time. 
Then, again, the successive orders are not sufficiently separated to 
avoid the overlapping of the Zeeman patterns in two consecutive 
orders. In the description given on pp. 340 and 341 of the various 
types of Zeeman patterns the intensity distribution was shown to be 
the most important criterion for the recognition of the type, and the 
recognition of the type is the first essential in the analysis of the 
given pattern. The more the patterns in different orders overlap, the 
more difficult it becomes to disentangle the components and determine 
their intensity distribution. The great advantage of the concave 
grating instrument is that ona single photograph the Zeeman patterns 
of a number of lines in a large spectral region can be secured, 
together with the patterns given by selected standard lines for the 
measurement of the field which will of course be the same for all 
the patterns shown on that photograph. Further, the type can in 


1 See vol. i., p. 65. * See p. 347. 
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general be recognised by inspection without difficulty. For ordinary 
work, therefore, there is no doubt that the concave grating is superior 
to any other form of dispersing instrument, and in order to obtain 
the best results the largest size of instrument should be used. The 
theoretical resolving power of a grating is given by mn,! where m is 
the total number of rulings and n is the order of the spectrum. With 
a grating having 100,000 rulings the resolving power in the second 
order is 200,000, whereas with a grating ruled at the National Physical 
laboratory with 14,400 lines to the inch and a 6-inch ruled surface it 
is 172,800. 

On the other hand, for the accurate analysis of a single Zeeman 
pattern an interferometer may well be used and indeed may be essential. 
The final conclusion we reach is that the interferometer with its very 
large resolving power is of great value in special cases and that for 
ordinary work the concave grating has material advantages. 

Some interesting results have been described by Kapitza and 
Skinner, who have succeeded in producing very intense magnetic fields 
and in examining the Zeeman effect with a quartz spectrograph. The 
method of producing their fields is given in detail by Kapitza? and 
consists in the discharge of a very heavy current through a solenoid 
for a fraction of a second, excessive heating being thereby avoided. 
The construction of the apparatus involved four separate problems, 
namely, the source of energy, the switches and connections, the 
measurement of the current by means of oscillographs, and the con- 
struction of the most efficient type of coils for producing the field. 

As the source of power four accumulator batteries of very simple 
design were constructed. Each battery consisted of 71 lead plates 
separated by 1-7 mm., the interspace being filled with 30 per cent. 
sulphuric acid. The four batteries were charged in parallel and for 
discharging they were connected in two groups of two batteries, and 
the two groups were connected in series. When the whole is dis- 
charged through an external resistance of 0:02 ohm, a power of 
1000 kilowatts can be obtained, the current in the most efficient 
discharge being about 7000 amperes. 

A system of specially constructed switches is employed for making 
the circuit, the breaking being effected by the burning of a copper 
fuse wire which is thrown into the circuit at a definite interval after 
the circuit has been completed. It was found that this method is 
by far the best for effecting a sudden interruption in the current. 

Some preliminary observations of the Zeeman effect observed with 
the use of these intense fields have been given by Kapitza and Skinner. 
The period during which the field lasts is of the order of 1/100th 
second and the source of light is a single spark, produced by a large 
high-tension battery. The single spark is of sufficient intensity with 
the use of a quartz spectrograph, and the resolving power of this 
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instrument is large enough with the fields of 130,000 Gauss which were 
employed. The spark takes place in a coil of 5 mm. internal diameter 
in which the field is produced, and the spark and field are timed to 
occur simultaneously. The observations were made along the lines 
of force and in general it was found that the resolution was the same 
as that obtained in smaller fields. Some interesting cases of the 
Paschen-Back effect were noted, and in particular the case of the six 
membered pp* group of beryllium may be mentioned, which as a 
whole showed the normal triplet. Some interesting cases of lines 
appearing in the field and not in its absence were observed, as well 
as some lines which disappeared in the field. The lines are shifted 
by varying amounts towards the red by the field, but this may probably 
be due to a kind of pressure effect owing to the production of the 
spark in the field. 

We may next turn our attention to the measurement of the photo- 
graphs of the Zeeman patterns, and first consider the determination 
of the strength of the field from the separation of the standard lines 
which have been included for this purpose, as already explained. 
For this purpose any lines may be used, the Zeeman patterns of which 
are definitely known. For example, the use of the two aluminium 
lines at A = 3944 and 3961, giving the D, and D, types, has already 
been mentioned. Landé and Back? say that the most suitable lines 
for use as standards are those which have a greater wave-length than 
A = 4000, show more than three components with wide separations, 
and are given by combinations between terms of small azimuthal 
quantum numbers. The last criterion ensures the use of lines with 
maximum sharpness of definition, whilst the others ensure greater 
accuracy of measurement of the components. They recommend the 
use of the sharp triplets of zinc and cadmium given in Table 
CLXXXVII. 


TABLE CLXXXVII. 


Zn. Cd. Combination, gu. gy. Zeeman pattern. 
i ay 3 3 3 OCI 2 
4810°71 5086-06 ns, — 13. A 2 aA aa 
47 22°34 4800-09 ne —n3 3 2 = G)34 
E 2 2 
4680°38 4078-37 n> — n3 © 2 + (0) 4 
20 : # Y re) 2 


Since all these lines give anomalous resolution the measurements will 
be affected to a certain extent, depending on the strength of the 
field, by distortion. This phenomenon will be discussed in detail 
subsequently, and all that it is necessary to say here is that the 
determination of the field strength should be made for each of the 
chosen standards separately and the mean taken of the values thus 


found. In this way the danger of errors arising from the distortion 
is reduced to a minimum, 
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In order to calculate the field strength it is obvious that the 
value of Avporm be known, and this may be taken as ATX 10> em. < Hl 
without any serious error being introduced. It may be pointed out 
that in ordinary work the measurements of Zeeman patterns are made 
relatively to those of the standard lines. 

There now remain to be considered the sources of error in the 
analysis of Zeeman patterns. There is first the danger of inaccurate 
measurement, and this can be minimised in the usual way by taking 
the mean of several measurements, the probable error of such means 
depending on the sharpness of the resolution of the Zeeman 
pattern. It will be found, however, that all anomalous patterns 
exhibit a definite distortion or asymmetry, that is to say, the Zeeman 
type is an ideal pattern to which the observed pattern more or less 
approximates. This distortion increases with the strength of the field 
and depends on the mutual influence of two or more lines of a doublet, 
triplet, etc. (incipient Paschen-Back effect). The distortion therefore 
increases the nearer the component lines of a series member lie together 
and it also increases with the strength of the field. We are indebted 
to Back for demonstrating how this distortion makes its appearance 
and also for the method of correcting it. When the lines of a group 
are far apart the distortion is negligible, as may be seen from the 
diffuse doublet of thallium at A = 3519-230, 3529-400, and 2767:870. 
Back’s measurements! of the first two lines are given in Tables 


CLXXXVIII and CLXXXIX. 


TABLE CLXXXVIII. 
Tl A = 3519°230, H = 39110 Gauss. 


Component. Polarisation. Intensity. Wave-length. Aas 

I2 s I 3519°545 
: 0029 

II Ss 3 3519°510 
0°030 

10 is 7 35197486 
07031 

) s 9 3519°455 

OLSte— OG 0302 

8 p 10 3519°274 
0°030 

7. 2 10 3519°244 
0:030 

6 p 10 3519°214 
0'031 

10 35197183 F 
, p 0178 = 6 X 0-0297 

4 y 9 3519°005 
0°030 

3 S rf 3518-975 
; 0:031 

2 5 3 3518-944 
O°o3I 

S I 3518-913 


1 Ann, der Phys., 70, 333 (1923). 
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The complete symmetry of the pattern recorded in Table CLX XXVIII. 
is shown in two ways. Not only is the separation of the components 
of like polarisation constant (0-030), but also the means of each pair 
of corresponding components is exactly equal to the wave-length of 
the parent line. 

In order to analyse the pattern, we first of all calculate Avporm 
which is given by 

Avrora =47 X TOme x 39110 
= 1-636, 


and expressed in wave-lengths this becomes 1-838 & (3:51923 X 107)? 
or 0:2277 A. The measured separation of 4A = 0:030 A., expressed 
as a fraction of the normal interval, is 0-1318, which is very nearly 


2, (zs = 0'1333), the difference being about I per cent. The 


16 
Zeeman pattern, therefore, is given by 
a A) S78 
15 : 
and this, as shown on p. 326, is that given by the combination n2, — Ne 


or p,d, on the old system of notation, the values of g being 4 and 
= respectively. 


TABLE CLXXXIX. 


Tl A = 3529°400, H = 39110 Gauss. 
Component. Polarisation. Intensity. Wave-length. JAIN 
10 s 9 3529°767 
Or125 = 2 X 0:0625 
9 S 8 3529°642 
0:059 
8 v4 10 3529°583 
0:062 
7 s 8 3529°521 
0:059 
6 p 2 3529°462 
O'124 = 2 X 0:062 
5 p 2 3529°338 
0060 
4 5 8 3529:278 
O-061 
3 p ife) 3529°217 
0-060 
2 s 8 3529°157 
, 0062 
I si 9 3529035 


In Table CLXXXIX. the complete symmetry is again shown in the 
same two ways as in the previous table. The mean value of the 
minimum separation of the components is 0-061165 and the normal 
triplet interval expressed in wave-lengths is now 1:838 x (3:5294 Xx 10>)? 
= 0:229 A. The measured interval JA = O-O61165, expressed as .a 
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fraction of the normal interval, is 0-2671, which is almost exactly 
vs (7's = 0:2667). The Zeeman pattern, therefore, is expressed by 


eID U2 alo Z4 
15 


*2 OF fydo, the values 


and this is given by the combination 2, — n; 


of g being $ and 4, respectively. 

Unfortunately the Zeeman pattern of the third line of the diffuse 
doublet could not be analysed owing to the complex structure of the 
parent line, but the reality of the symmetry of the magnetic resolution 
is sufficiently established by the measurements given above. 

The wave-number interval between the above two thallium lines 
is My = 82 and this is sufficiently large to prevent any mutual dis- 
tortion of their Zeeman patterns in fields of 39110 Gauss. Turning 
now to the corresponding copper diffuse doublet, A = 5218-200, 
5220-080, and 5153-260, the first two lines are separated by Av = 6-6 
only, and the Zeeman patterns of both are very seriously distorted. 
Back’s measurements ! are given in Table CXC. 

The distortion of these two Zeeman patterns is obvious from an 
inspection of the observed wave-lengths. In the case of the first line 
the separations of consecutive components varies from 0-029 to 0-085, 
and in the second line they vary from 0-114 to 0-189. As these 
measurements stand it is impossible to calculate the g values of the 
combining terms and hence determine the series to which the lines 
belong. In spite, however, of the great distortion it is possible to 
recognise the fundamental type of each pattern, which is clearly 
Type 4 in the case of A= 5218 and Type 6 in the case of A = 5220, 
that is to say the lines belong to a system of even multiplicity. 
The absence of a zero p-component shows that the system is not 
uneven. 

As a matter of fact Back shows that, provided the distortion is 
not so great as to render the recognition of the fundamental type im- 
possible, the distortion may be corrected in a very simple manner. 
He shows that the mean of all of the separations of the components of 
like polarisation is very near to the theoretical value. This may be 
first demonstrated from the 5218 line. The mean of the separations 
of the s-components is 0-0585, if we neglect the value 0-029, because the 
corresponding interval between components I and 2 was not measured. 
The mean of the separations of the p-components is 0:0647 and the 
mean of the whole is 0-0616. 

Now the value of Avporm for this line is 4-7 X I0~*® X 37010 and 
in terms of wave-length it is 


A= AT 107" X 37010 X {5:2182 X ge) — NE 
= 0°4737. 
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TABLE CXC. 
Cu A = 5218-200, H = 37010 Gauss. 

i 7e- Wave-length, 
ponent, co a MSE ee An. 

12 § I 5215°764 5218-863 
0-029 0-063 

II S 8 5218-735 5218-800 
0'031 0°063 

fe) Ss 8 5218-704 5218-737 ; 

0:034 0-064 

9 Ss 8 5218-670 5218-673 
; 0-391 0°378 

8 p a 5218-279 5218-295 
: 0:074 0-063 

10 5218-205 5218-232 
d 3 0-068 0-064 

6 p se) 5218-137 5218-168 
0052 0:063 

7 5218-085 5218-105 
: 0°356 0°378 

4 s 8 5217°729 5217°727 
0-085 0-064 

3 $ 4 5217°644 5217-663 
0084 0063 

2 Ss I 5217°560 5217°600 
0-063 

I a a = 5217°537 

Cu A = 5220:08, H = 37010 Gauss. 

10 Ss 2 5220°857 5220-837 
0°257 O'252 

9 Ss 4 5220:600 5220°585 
0°167 0-126 

$ p 8 5220°433 5220°459 
O-IST O'127 

Ul 5 4 5220-282 5220°332 
0-134 0-126 

6 p I 52207148 5220:206 
0189 0°252 

5 ie I 5219959 5219°954 
O'Il4 0-126 

4 Ss 4 5219°845 5219828 
orgs o-127 

3 p 10 5219°727 5219-701 
O1Ig O°126 

2 Ss 4 5219608 5219°575 
O'241 0-252 

I s 3 5219°367 5219°323 


Expressed as a fraction of this normal interval the separation 0-0616 


becomes 0-1301. This is very near to 0:1333 or ys, which is the 
4 


value of g,—y,, te £— 1 OPPath eyo Nz, OF pid, line of a 
doublet system. Assuming that the value 0°1333 is correct, the wave- 
length separation of consecutive compone 


nts of like polarisation in a 
field of 37010 Gauss becomes 0:06315. By the use of this value and 
the known pattern 


=e At) (3) 1517 1901 


15 : 
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the wave-lengths in the sixth column of the upper part of Table CXC. 
were calculated. It will be noticed that the effect of the distortion is 
apparently to displace the whole pattern towards the blue with the 
exception of the two strongest s-components (4 and 10) which are very 
close to their calculated positions. 

An exactly similar calculation may be made with the 5220 line. 
The mean of the separations of the s-components is 0-263 and in the 
case of the p-components it is 0-235. The grand mean is 0-249. 
Expressed as a fraction of the normal wave-length separation (0-474) 
this becomes 0-5258 which is very nearly 0:5333 or .%;. This is the 
value of g, — g, for the p,d, combination in a doublet system, and 
from this the values given in the sixth column of the lower half of 
Table CXC. have been calculated. 

The case of the third line of the doublet, A= 5153-26, is very 
interesting, since it shows distortion in spite of the fact that it is 
widely separated from the other two lines. Back attributes this 
to the influence of the fourth line which is normally forbidden by the 
selection principle. The forbidden p,d, transition may, however, 
take place in the presence of an external field and, though he was 
unable to observe it on his photographs, Back assumes that it is real 
enough to influence the 5153 line in the magnetic field. The cal- 
culated wave-length of this forbidden line is 5151-46. The measure- 
ments of the Zeeman pattern given by the 5153 line are set forth in 
Table CXCI, 


TABLE CXCI. 


Cup 5154-205 Hi = 37010. 


Be as Int. Wave-length. Ax. Wave-length. Ax. 
6 S ” 5153°652 5153°660 0°062 { 
0°360 0369 
5 as — = 5153°598 0:307 
4 Pp Io 5153°292 7 5153°291 : 
0-064 0062 
3 Bp Io 5153°228 51537229 
07319 0°307 
2 S 4 5152°909 5152°922 
0059 0-062 
I Ss 9 5152:850 5152:S60 


In the absence of component 5 it is only possible to deter- 
mine the separation by taking the,mean of 0-064 and 0-059, which is 
0-0615. The value of the normal interval expressed in wave-lengths 
at A= 5153. is 

N= 47 1G —* % $7010" << "(515320 x 10> 5% 
= 0:4619 A., 
and the separation expressed as a decimal fraction of this normal 
interval is 0:1331, which is almost exactly 0:1333 or js. Using 
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this value, the true separation is found to be 0-0616 and the wave- 
lengths in the sixth column of Table CXCI. have been thus calculated. 
The Zeeman pattern, therefore, is found to be ; 


+ (1) Tr 33 
=e 


Attention may be drawn to the fact that the intensity distribution 
is also affected to a certain extent when distortion is present. This 
may at once be seen from the observed intensities given in the third 
column of Tables CXC. and CXCI._ In spite of this, however, it is 
possible in each of the three patterns to recognise the fundamental 
type, since it is easy to determine whether the intensities of the 
components increase or decrease from the centre outwards. This 
is the criterion by means of which the fundamental type is identified, 
and, as already stated, Back has shown that the distortion can be 
corrected, provided that it is not sufficiently great to render the funda- 
mental type unrecognisable. 

In conclusion, it may be pointed out that the whole basis of Back’s 
method of correcting the effects of distortion rests on the validity 
of Landé’s g-formula and on the permanence of the g-sums. The 
latter law is entailed in that the sums of the separations of the com- 
ponents are taken and the mean value of the separation found there- 
from. Both the g-formula and the law of permanence of g-sums have 
been placed on so sure a footing by independent experimental obser- 
vation that complete confidence may be placed in this method of 
correcting the effects of distortion due to the incipient Paschen- 
Back effect. 


CHAPTER IIL. 
THE STARK EFFECT. 


A very interesting and important phenomenon was discovered by 
Professor J. Stark in 1914. He found that under the influence of 
an electric field the lines of the Balmer series of hydrogen are resolved 
into components when the emission takes place in an electric field. 
It was soon found that the phenomenon is by no means peculiar to 
hydrogen and it is generally known as the Stark effect. It is only 
right to point out that an observation of the phenomenon was in- 
dependently made by Lo Surdo at a date which he said preceded 
Stark’s observation. 

Lo Surdo endeavoured to study the Doppler effect due to retrograde 
canal rays near to the cathode, with a discharge tube placed perpen- 
dicularly or obliquely to the slit of a spectroscope. He then noted 
that the hydrogen lines were resolved into several components and 
found, as Stark also discovered, that the components were polarised, 
partly parallel and partly perpendicular to the direction of the field. 

Whilst the so-called canal rays were discovered by Goldstein, 
Stark made an exhaustive investigation into their nature, and he 
recognised the possibility of using them in order to determine whether 
a phenomenon analogous to the Zeeman effect existed in an electric 
field. As will be shown below, Stark’s method of experimentation 
consists in the application of a known electric field to a layer of rare- 
fied gas caused to luminesce by means of canal rays. In this way 
he was able to correlate the separation of the components with the 
strength of the field, a relation which is of fundamental importance. 

Lo Surdo, on the other hand, investigated the radiations emitted 
by the gas molecules in the Crookes dark space between the cathode 
and the negative glow. Owing to the steep potential gradient in 
this region the emission takes place in an electric field and the Stark 
effect is easily observed. In the first place, the resolution is not con- 
stant and naturally decreases the greater the distance from the 
cathode, and in the second place there is no direct method of measure- 
ment of the electric field at any point. From an experimental point 
of view the Lo Surdo method is by far the simplest, but the observa- 
tions must necessarily have remained qualitative had not Stark by 
his method obtained quantitative measurements. Stark’s measure- 
ments of the relation between separation and strength of field enable 
the Lo Surdo method to be made quantitative, since his values for the 
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hydrogen lines may be used to determine the strength of the field at 
any point in the cathode dark space. In short, it may be said that 
although Lo Surdo carried out a considerable amount of work in 
the study of this phenomenon, it is to Stark that we are indebted for 
the accurate investigation of the resolution of the hydrogen lines which 
established the quantitative relationship between the separation of the 
components and the strength of the field. A list of the papers pub- 
lished by Lo Surdo! and by Stark 2 and his co-workers is given at foot 
of this page, and in dealing with their work no further reference to 
these need be made. 

In view of the fundamental importance of the quantitative results 
obtained with hydrogen it will be preferable first to describe in some 
detail Stark’s quantitative measurements by his canal ray method, 
and then to discuss the observations made with helium and some 
metals. In so doing we shall to a certain extent not follow a chrono- 
logical sequence of the advances as these were made, but will gain in 
obtaining a clearer understanding of the phenomenon. It may also 
be pointed out that from the theoretical point of view this method 
possesses an advantage, since the theory, like that of spectral series, 
has only succeeded at present in offering a quantitative explanation 
of the phenomena so far as atoms of the hydrogen type are concerned. 

It will be convenient at the outset very briefly to indicate the 
essential facts which have been observed, the most important being 
that when the hydrogen lines are emitted in an electric field they 
no longer appear single but are resolved into a number of components. 
The number and distribution of these components depend on the 
direction of the observation, that is to say, whether the collimating 
axis of the spectroscope is parallel or perpendicular to the lines of 
force of the electric field. Further, when the observations are made 
across the lines of force (the transverse effect) the lines are linearly 
polarised, partly parallel to and partly perpendicular to the lines 
of force. It must be understood that this definition of polarisation 
refers to the direction of the electric vibration in the light ray, and 
that the electric vibration in the case of some components is parallel 
to and in others perpendicular to the lines of force of the electric 
field. This is just the opposite to the position of the plane of polari- 
sation as determined by a Nicol prism, since the plane of polarisation 
is perpendicular to the direction of the electric vibration in the light 
ray 


It might at first sight seem that the Stark phenomenon is analogous 
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to the Zeeman effect, but in actual fact they are very different. In 
the first place, with a given magnetic field the number of components 
observed in the Zeeman effect and their distribution with respect 
to the undisturbed line are constant for all the lines of a given spectral 
series and indeed for the same series type with different elements. In 
the Stark effect ,with a given electric field, the number of components 
increases within a single series as the order number of the line increases, 
and, furthermore, the separation between the components increases. 
In the second place, an essential difference between the two pheno- 
mena is to be found in the fact that in the Zeeman effect the 
components observed when the observation is made along the lines 
of force (the longitudinal effect) are circularly polarised, whilst in 
the Stark effect, at any rate in the case of hydrogen, the components 
are not polarised. 

The Stark effect, apart from its experimental interest, has a 
great significance from a theoretical standpoint. The application of 
the energy quantum theory to the phenomena of spectral series and 
the Zeeman effect has already been discussed in the preceding two 
chapters and the remarkable advance that has resulted in our know- 
ledge of atomic phenomena will be surely manifest to all who study 
the work of Bohr and his co-workers, and of Sommerfeld and the 
German physicists. The application of the quantum theory to the 
Stark effect and the remarkably neat explanation thereby found of 
the quantitative observations may indeed be considered as one of 
the most striking achievements of this theory. If it were possible 
that anyone still doubts the justification of the fundamental assump- 
tions of this theory, let such a one consider the Epstein explanation 
of Stark’s results, and then surely doubt must give place to a glad 
recognition of a more than notable advance in physical concepts, 
which must lead to a still greater understanding of the structure of 
the atom. 

We may first consider the design of the discharge tubes which 
Stark used in his investigations with hydrogen. In the rarefied gas 
two plane electrodes are mounted close together so that a great potential 
difference between them cannot induce any form of discharge. The 
distance between the two discs must not exceed 3 mm. when the pres- 
sure of the gas is such that the cathode dark space extends over several 
centimetres. These electrodes must not touch the walls of the dis- 
charge tube and at the same time they must be so close to the walls 
that no discharge can find its way between. These two electrodes 
form the positive and negative poles of the electric field and the lumines- 
cence of the gas in the space between them is produced by means of 
canal rays. 

Two different designs of discharge tubes are required, one for 
observations across the lines of force, and the other for observations 
along the lines of force. For the former, that is to say the transverse 
effect, the design of the apparatus is shown in Fig. 40. Two electrodes, 
F and K, are mounted close together in a glass tube which is 3-6 cm. 
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in diameter. F is a plane disc of aluminium, 2-3 mm. thick, which 
is sealed in position as indicated in the diagram. K is a second 
aluminium disc 2 mm. thick which is riveted on to the end of an 
aluminium ring about 2 cm. long. This ring is supported by a stout 
aluminium wire which is attached to a platinum wire sealed on at the 
end of the side tube in the usual way. The flat disc K is drilled with 
a number of circular holes I mm. in diameter. 

At the further end of the discharge tube is mounted a third plane 
electrode A at a distance of 10-15 cm. from K. A high potential 
direct discharge is passed between A and K, the latter being the cathode. 
The pressure of the gas is so adjusted that there is a potential fall 
of 3000-10,000 volts in front of the cathode. This potential gradient 
causes the acceleration of the canal rays towards the cathode and they 
pass through the holes in K with the result that luminescence is 
visible in the space between F and K. By some convenient means a 
potential difference is set up between F and K, and this causes a 
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discharge between them, provided that ionisation is set up by the 
canal rays. The potential difference between F and K may be 
measured by means of an electrometer and, if it is uniform, the strength 
of the field is given by 

Fe Vv 


a ) 


where V is the potential difference and a is the distance in cms. 
between the plates. In order to guard against too strong a discharge 
between these two, a resistance is placed in the circuit, which must be 
adjusted so that the potential difference does not exceed jth to 3th 
of that between the two electrodes A and K. The discharge between 
F and K under the right conditions amounts to from 1 to 10 milli- 
amperes. The observations may be made through a quartz or fluorite 
window cemented on to the conical side tube B. 

_ In order to observe the longitudinal effect a different form of 
discharge tube must be used, and a convenient design for the obser- 
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vation of this effect with gases such as hydrogen or helium is shown in 
section in Fig. 41. The cathode K of the main discharge is constructed 
in the same way as in the previous case, but the aluminium disc has 
only cut in it one rectangular hole 3 x I-5 mm., through which the 
canal rays pass. Riveted on to the back of K is a circular aluminium 
plate F, drilled with 1 mm. holes, and consequently the canal rays 
follow a course which is parallel to the surface of F, which forms one 
pole of the electric field. The other pole of this field is the aluminium 
disc B, 8 mm. in diameter, which is mounted parallel to F. Surround- 
ing B is a glass tube which is ground flat at its end and so mounted 
that it touches the disc F. In the side of this glass tube a hole 3X 1-5 
mm. 1s cut, this hole being immediately under the corresponding hole 
in the electrode K. This allows the canal rays to pass without 
hindrance into the electric field between F and B. Care must be 
taken that the glass tube does not touch either the disc B or the disc K, 
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and that there is a clearance in each case of 0:5 to 0:75 mm. The 
observations are made through the quartz or fluorite window D. 

The choice of spectrograph for the examination of the resolved 
lines is a matter of some importance. In the case of the Zeeman effect 
the resolution picture obtained with a given magnetic field is the 
same for all spectrum lines of the same series type, but the phenomenon 
is very different in the Stark effect. In the first place, the number 
of components varies with the order number of the line in one series 
of any one element, and in the second place with a given field the 
separations between the various components are multiples of a constant 
value measured in wave-numbers or frequencies. The resolution 
picture, therefore, will vary in magnitude with the various lines in a 
given series, increasing towards the ultra-violet. 

The first mentioned phenomenon is important from the observa- 
tional point of view because an increase in the number of components 
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means a decrease in their intensity, since the intensity of the original 
line is distributed amongst the components. Then again, as is well 
known, the intensity of the lines decreases as the order number rises, 
so that the problem of the intensity of the Stark components becomes 
a serious one in the higher members of a series. The essential con- 
dition to be aimed at is the optimum light efficiency combined with a 
high resolving power. The variation in size of the resolution picture 
is also a point to be considered in connection with the dispersion of 
the instrument. Stark describes in some detail the various spectro- 
graphs used by him at various stages of the development of his work, 
but it is not necessary to enter into these. Suffice it to say that he 
used both a prism spectrograph and a plane grating instrument, a 
concave grating not being advisable owing to the loss of intensity 
caused by the astigmatism. There is no need to emphasise the im- 
portance of using the instrument to the best advantage, that is to 
say of avoiding loss of light by the lenses not being fully illuminated. 

The next point which concerns us is the polarisation of the com- 
ponents of the resolution picture, and in the transverse effect they 
are polarised partly parallel and partly perpendicular to the lines of 
force of the electric field. In order to separate the p- and s-components 
and to determine their polarisation a calcite rhomb or a Wollaston 
prism may be used. By means of an objective lens an image of the 
light is focussed on to the spectrograph slit, and the rhomb or prism 
is set up between the light and the lens. Two images are thus ob- 
tained on the slit, and the doubly refracting apparatus is so adjusted 
that the electric vibrations in one image are parallel and in the other 
are perpendicular to the force lines of the field. One half of the re- 
sulting spectrum photograph will include all the p-components and 
the other half will include all the s-components, whilst those components 
which are unpolarised or partially polarised will be present in both 
halves of the photograph. 

It will be remembered that in the Zeeman phenomenon the com- 
ponents are circularly polarised when the observations are made along 
the lines of force. In the Stark effect with hydrogen it was proved 
by the use of a suitable quarter-wave plate that there is no circular 
polarisation, the components observed in the longitudinal effect being 
unpolarised. 

_ Before dealing with the quantitative observations made by Stark 
with hydrogen in the strongest fields, we may review some of the 
results obtained by him in weaker fields, that is to say, fields not 
greater than 40,000 volts per cm. These results refer only to the 
strongest components. In the upper portion of Fig. 42 is shown a 
diagrammatic representation of the components observed with the 
line Hy in an electric field of less than 40,000 volts per cm. In the 
transverse effect there are four p-components, the two outer ones 
having a much greater intensity than the two inner ones. There are 
three s-components of equal intensity. In the longitudinal effect 
three unpolarised components are obtained which have the same 
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wave-lengths as the s-components in the transverse effect. In the 
lower part of Fig. 42 is shown the Zeeman effect as obtained with the 
same line, namely, the normal triplet, and it is important to notice 
the great difference in magnitude between the two effects ; whereas 
the difference between the outer components in the Zeeman effect 
with a magnetic field of 30,000 Gauss is about 0-5 A., the distance 
between the outer components in the Stark effect with an electric 
field of 30,000 volts per cm. is about 13 A. 

In the case of the Stark effect with hydrogen the distance between 
the components is directly proportional to the strength of the 
electric field. If the separation between the outer components is 
plotted against the field strength a straight line is obtained which 
passes through the origin F = 0, JA=o0. The slope of this line 
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for the Balmer series is different for the p- and the s-components 
and it increases as the order number of the line in the series in- 
creases. In Fig. 43 are shown the results obtained with the two lines 
He, and Hy. 

The establishment of this law is of great importance since the 
values obtained by Stark can be used to measure the strength of the 
field in Lo Surdo’s method of observation, when the hydrogen lines 
are present in the spectrum. As will be shown later this law does 
not hold in the case of other elements except with a few of the helium 
lines. 

In his earlier work with small fields Stark was able to establish 
the fact that the number of components obtained by the resolution 
of the hydrogen lines increases with the order number of the lines, 
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even though he was only observing the stronger components. He 
gives a table of these components observed with the first four hydrogen 
lines in a field of 28,500 volts x cm.~1! together with their separations 
from the position of the undisturbed line. Since the measurements 
are not as accurate as those obtained in subsequent work they need 
not be quoted here, but the increase in the number of the components 
observed in the transverse effect is shown in Table CXCII. 
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p-components, s-components, Total. 
Ha 2 I 3 
He 3 8 6 
Hy 4 3 if 
Hs 4 4 8 


Stark also noticed a remarkable variation in the relative intensities 
of the components according to the direction of the field in relation 
to the direction of travel of the canal ray stream. 

This phenomenon will be dealt with below in connection with 
Stark’s latest work on the fine structure of the resolution picture 
of the hydrogen lines obtained in very strong fields. 

The next point to be referred to is the symmetry of the resolution 
obtained with the hydrogen lines. This symmetry is perfect as re- 
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gards the distribution of the components, there always being the 
same number of components on each side of the undisturbed line, and 
the separation of each corresponding pair of components is exactly 
the same with respect to the undisturbed line. 

We may now turn to Stark’s final work on the hydrogen lines 
which was published in 1915. In order to study the complete resolu- 
tion picture and measure the wave-lengths of all the components it 
is necessary to make use of very strong fields. In his investigation 
of the phenomenon exhibited by the first four lines of the Balmer 
series Stark employed a field of 104,000 volts & cm.~1and dealt only 
with the transverse effect. Since the results of his measurements are 
very important from the theoretical point of view we may describe 
them in detail. 

There are three points which must be mentioned in connection 
with the experimental method. In the first place, when very strong 
fields are used there is a tendency for the two discs, which form the 
two poles of the field (F and K in Fig. 40) to become displaced owing 
to the strong attraction between them. ‘The distance between these 
two discs is kept constant by means of 
four rods of fused quartz placed at the 
four corners of a square. The method 
of mounting one of these rods is shown 
in section in Fig. 44, where the upper 
disc forms the cathode of the main dis- 
charge. The quartz rod slides in a hole 
drilled in a small metal block which is 
attached to the lower disc. The adjust- 
ment is effected by a brass screw witha 
broad drum head which presses against 
the quartz rod. 

In the second place, Stark set up the discharge tube vertically so 
that the path of the canal rays was parallel to the slit of the spectro- 
graph. There are certain advantages in this arrangement, such for 
instance as the more symmetrical cooling due to the surrounding air. 
The particular disadvantage is that the amount of light reaching the 
spectrograph is small, but this is outweighed by the fact that if the 
field is not uniform this is shown by a curvature of the components. 
It follows that a horizontal line drawn through any part of the spectrum 
photograph corresponds to an equal field strength. Stark found for 
the: examination of the transverse effect, with which we are now par- 
ticularly concerned, that this is the best arrangement. 

In the third place, we have not as yet discussed the polarity of 
the field with reference to the main discharge. Clearly there are two 
ways of orienting the electric field, one in which the potential gradient 
is in the same direction, and the other in which the potential gradient 
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1 Later work has shown that this is not strictly true as regards Hy. See below, 


pp. 433 and 467. 
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is in the opposite direction to that of the main discharge. As far as 
the actual resolution is concerned this is the same in both the two 
alternative methods, but the relative intensities of corresponding 
components are different. With the first alternative, or what may be 
called the direct field, the longer wave components have the greater 
intensity, whilst with the second alternative, or the opposed field, 
the shorter wave components have the greater intensity. In view of 
the fact that this intensity variation has not been especially investi- 
gated Stark chose of the two alternatives that one which gave the best 
results, namely, the second or the opposed field. The reasons for 
this choice were as follows. In the first place, the opposed field 
greatly increases the strength of the canal rays and thus also the 
intensity of the illumination within the field. The anode of the 
principal discharge becomes heated partly by the cathode rays and 
partly by the rays which pass back from the field through the holes 
in the principal cathode. The amount of heating caused by the second 
effect is less with the opposed field and consequently the canal rays 
may be made more intense with a resulting greater amount of lumin- 
osity in the case of the opposed field. 

In the second place, the opposed field gives a greater strength of 
field and hence a greater resolution of the components than the direct 
field with equal potential difference and equal resistance in the field 
circuit. As has already been stated the potential difference always 
causes an electric discharge across the field, and the stronger this is 
the greater is the potential drop caused by the auxiliary resistance 
and hence the weaker is the field. This discharge is very much less 
with the opposed field than with the direct field. If an induction 
coil is used for the principal discharge, then for the same reading of 
the electrometer the resolution is from 10 to 20 per cent. less with the 
direct field than it is with the opposed field. Further, owing to the 
greater variations in the field strength, the components observed with 
the direct field are broader and less sharply defined. 

A few words may be added with reference to the statement made 
above as to the change of intensity of the components when the 
direction of the field is changed. With a given direction of field any 
two components with equal separations, that is to say, each pair for 
which 4A is the same, have not the same intensities. The ratio of 
their intensities is reversed when the direction of the field is reversed. 
Since the important matter is the intensity distribution amongst 
all the components, Stark measured the intensities of each correspond- 
ing component on the two sides of the undisturbed line with both 
direct and opposed fields. He gave the mean of the values obtained 
with the two fields to each pair. 

In Table CXCIIL are given the number, distribution, and intensity 
of the various components observed in the transverse effect with the 
first four hydrogen lines in a field of 104,000 volts X em,~}, 
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TABLE CXCIII. 


Ha. 
Se eh anon eeReG Reed: ulensitys I oaReriany 
p-components 3 Tiras 12 
2 8-8 Tor 
+ 1 + 6:2 ize) 
—I1 — 6:2 1-0 
2 8-8 Vr 
3 1h Eh 12 
| 
s-components . ; +1 + 2:6 | bare) 
fe) 6 
—1 — 2:6 I'o 
Hg. 
p-components 5 6 19°4 ize) Doubtful. 
5 16°4 DL5 
4 Nee 91 
3 10'0 4:8 
2 6:7 are) 
+1 + 3°73 1-2 
fe) oO 1°4 
‘ —1 — 33 I*2 
2 6-7 haze) 
5 3 10'0 4'8 
4 4 13°2 orl 
a 5 16°4 IIs 
‘ 6 19°4 IO Doubtful. 
s-components . 6 19°3 I'o 
5 16°4 st 
4 13°2 13 Doubtful. 
3 97 97 
2 6:6 12°60 
ae 7 O14 Sis 
fo) oO I*4 
| = es Ss 
z ose) 12°6 
3 9°7 9°7 . 
4 13°2 Ls Doubtful. 
5 16°4 Ei 
6 19°3 I:O 
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TABLE CXCIII.—Contznued. 


Hy. 
5 = i from . 
Neteponente | Noms | Teena | Tntenty. | Reman 
p-components 7 20°4 I Doubtful. 
6 23°9 108 
5 1079 7:2 
4 159 20 
3 10°6 I 
2 6:6 ns 
+1 + 2:7 1-6 
—I — 2:7 1:6 
2 6:6 15 
3 10:6 I 
4 15°9 20 
5 199 7°2 
6 23°9 10°8 
7 20°4 I Doubtful. 
s-components . 6 26°3 I'l 
5 22°8 I 
4 17°3 61 
3 13°3 4°3 
Zz O°7 122 
+1 + 3°9 3°6 
oO fe) 72) 
— I — 3:9 3°6 
2 9-7 2 
3 13°3 43 
4 17°3 OI 
5 22°8 I 
6 26°3 I'l 
Hs. 
p-components 8 Sup I Doubtful. 
7 33°4 7°2 
6 28°6 2°8 
5 24°2 en 
4 19°6 I'2 
3 144 I°5 
2 9°6 I-2 
ap u Sipeyae I 
2 9°6 12 
3 14°4 I'5 
4 19'6 I*2 
5 24°2 rx 
6 28:6 2:8 
7 33°4 7°2 
8 37°5 I Doubtful. 
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TABLE CXCIII.—Continued. 


Hs—-Continued. 
: 
Dap ernest yi eames of en | Pi no) Bm spate ¢| ater 
s-components . 8 34'8 18 Doubtful. 
7 30°4 I°3 
6 25°8 2°4 
5 21-2 2:0 
4 17-2 I 
B I1'9 21 
2 7°4 3°2 
+1 + 2°4 1°3 
—I — 24 13 
2 7°4 3°2 
2 ie axe) 21 
4 172 I 
5 212 2:0 
6 25°38 2°4 
7 30°4 13 
8 34'8 Ivl Doubtful. 


The symmetry of the resolution picture obtained is clearly shown, 
but the scale of wave-lengths used does not indicate any means of 
comparison between the resolutions of the four lines. If the separations 
are expressed in wave-numbers and not wave-lengths, there appears at 
once a very interesting and remarkable relationship between them. 
In Table CXCIV. are given the wave-numbers of the components 
observed on the long wave side of the undisplaced line, those on the 
short wave side being omitted since the resolution picture is absolutely 
symmetrical in each case. 


TABLE CXCIV. 


Ha. 
Ve Av. Factors. 

p-components , (15233°2) 

15218°8 14°4 Oye ye 

15212°8 20°4 3 x 68 

15206°6 26°4 4 X 6°65 

) | 723 a7 
s-components - | 15233°2 | 60 I x 6:0 
15227°2 | ; 
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TABLE CXCIV.—Continued. 
He. 
v. Av. Factors. 
p-components 20564°8 
20550°8 14:0 2X 7-O 
205 30°5 283 Hee yf 
20522°5 42°3 OX 7-05 
20509'1 I 9/ 8720 
204956 69:2 TO! x 6:9 
204830 81°8 1D < (oye Doubtful. 
s-components 20564°8 
20550°4 14°4 PRS GE 
205369 27°9 4 x 7:0 
20523'8 42:0 36 FRE 
20509'1 Bis 7 31x 7-0 Doubtful. 
20496:0 68:8 10 X 6:9 
20483°4 81-4 12 xX 6:8 
Hy. 
p-components (23032°5) 
23018:2 WAn3 2S Fei 
22997°5 35°0 BX 70 
22976°4 56:1 3 xX 7-0 
22948°5 84:0 17-0 
22927'4 105'1 WI SAGAS 
229064 126'1 18 X 7-0 
22878°1 154°4 227-0 Doubtful. 
s-components 23032°5 
23011°8 2077 3 X 6:9 
22981°2 513 7X 73 
22962:2 70°3 IO X 7-0 
22041°T gI-4 13 X 7-0 
229122 120°3 ep SG 
22893°8 138°7 20 X 7'0 
Hs. 
p-components (24373°1) 
24343°2 39°9 4X 77 
24316071 57:0 8 X 71 
24287'8 85:3 12% 92 
24257°2 1159 16 X 7-2 
24230°1 143°0 ZOU Xs 
24.204°3 108:8 24 X 7:0 
24176:2 196'9 23 Xa7ry 
24152°3 220°8 32 X 69 Doubtful. 
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TABLE CXCIV.—Continued. 
Hd—Continucd. 


Vv. Ap. Factors. 
s-components : (24373°1) | 
24358°8 14°3 2x 7°15 
24329°2 43°9 6 x 73 
24302°6 70°4 LO) 4 7-0 
24271°3 10178 14 X 7°3 
24247°8 T2533 LS Teo 
24220°7 152°4 22% 6:0 
24193°7 179°4 20 X 6:9 
241 68-0 2051 30 X 6:8 Doubtful. 


It is quite obvious that the values of Ay are all integral multiples 
of a fundamental unit of separation which is very near to 7 cm.~ 1 
for the field of 104,000 volts x cm.~1 in which the above separations 
were observed. In view of what was said above as to the proportion- 
ality between separation and field strength it follows that it is the 
fundamental unit of separation which is proportional to the strength 
of the field. This is a relation of outstanding importance and its 
significance will be discussed below when the theoretical explanation 
of the Stark effect is given. 

In Fig. 45 are given the resolution pictures obtained with the 
four hydrogen lines. The components are spaced on a scale of wave- 
numbers and the length of the lines represents the relative intensities 
of the components as given in Stark’s own tables. It must be re- 
membered that the relative intensities only refer to the components 
of any one hydrogen line and are not comparable as between two 
separate hydrogen lines. An interesting fact is to be observed in 
Fig. 45, namely, that the intensity increases towards the outermost 
p-components, whereas in the case of the s-components the intensity 
increases in the opposite direction. 

With reference to the number of components exhibited by the four 
hydrogen lines Stark draws attention to the great differences of 
intensity between them, and consequently we must consider the possi- 
bility of the existence of other components with less intensity than 
those recorded. He believes that this is certainly the case with Ha, 
partly on account of the strong intensity of the nine observed com- 
ponents, and partly by analogy with the other three lines, Hs, H,, and 
Hs. As far as the last three lines are concerned Stark believes that 
the number of components is about right, although of course there 
might exist more components of very weak intensity. In his list 
one or two of the components were recorded as being doubtful, this 
meaning that their presence was dubious or, alternatively, that they 
occupied the position of a possible ghost given by his grating. 

Before the results obtained with elements other than hydrogen 
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come under our notice a brief description may be given of Lo Surdo’s 
method of observation. From an experimental point of view this 
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method is very much simpler than that of Stark, and the discharge 
tubes are far easier to construct. Against this must be set the fact 
that no direct means are available of measuring the field, but this 
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disadvantage to a great extent is neutralised, since Stark’s values for 
the relation between field strength and separation of the outer com- 
ponents of the hydrogen resolution picture have been published. The 
strength of the field at any point of the cathode dark space may be 
determined by measurement of the hydrogen components. 

As is well known there is a sharp potential gradient in the first 
cathode or Crookes’ dark space, with the result that any emission of 
spectral lines in that region takes place in an electric field. Lo Surdo 
showed that the increase in the potential gradient at a given pressure 
depends only on the current density of the discharge through the 
tube. It is necessary that the cathode completely fill the discharge 
tube in order that the lines of force may be parallel to one another, 
and Lo Surdo found that under these conditions the length of the 
cathode dark space is independent of the diameter of the tube. 

The construction of the discharge tube is the simplest possible 
and is diagrammatically shown in Fig. 46. The two electrodes con- 
sist of aluminium rods of the same diameter as the internal diameter 
of the tube and are attached to platinum wires which are sealed 
into the glass ends of the discharge tube in the usual way. At first 
Lo Surdo used tubes 4 mm. in diameter but later he reduced this to 


Fic. 46. 


I's mm. The length of the tubes is about 20 cm. The best results 
are obtained when the pressure is such that the length of the dark 
space is about 2 mm, 

The discharge must be unidirectional and Lo Surdo used ac- 
cumulator batteries which gave a potential difference of 5000 to 8000 
volts. An induction coil may also be used provided that a rectifying 
valve is introduced into the circuit. 

In using this type of apparatus it will be found that, inasmuch 
as the electric field is not uniform throughout the cathode dark 
space, the resolution of the hydrogen lines will be evidenced as a 
Y-shaped picture, the tail of the Y being of course the unresolved 
line, This is by no means inconvenient since the strength of the 
field at any point of the cathode dark space can be determined by 
the use of Stark’s quantitative measurements. 

A considerable amount of work on the hydrogen resolution has 
been carried out by Takamine,! who showed that in the case of Hy 
the distribution of the components is not absolutely symmetrical 
with respect to the position of the undisturbed line. More recently 


1T. Takamine and U. Yoshida, AZem, Coll. Scz., Kyoto, 2, 137, 321 (1917); 
T. Takamine and N. Kokubu, 747¢., 3, 271 (1919). 
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this apparent divergence from the theory as developed below has been 
explained by Sommerfeld.t 

Brief reference has already been made to Stark’s earlier investi- 
gations of the electrical resolution of the spectrum lines of helium, 
and in general it may be stated that in the case of the spectra of the 
neutral helium atom the simple laws which were established for hydro- 
gen are not obeyed. There is no need to describe this early work 
carried out by Stark since more accurate measurements were made at 
a later date in his laboratory by Liebert. Mention, however, may 
be made here of his discovery that the diffuse series alone is resolved 
into components which are very similar to those observed for the diffuse 
series of lithium, the close analogy being shown in the tables given 
below. Reference may also be made to the valuable and important 
work carried out by Takamine and his co-workers,? who made use of 
Lo Surdo’s method. The importance of Liebert’s work is to be found 
in the fact that he used the canal ray method and was therefore able 
to correlate directly together the field strength and the Stark effect 
with helium. This enabled Stark to measure the resolution of the 
ionised helium lines by the Lo Surdo method, since this spectrum is 
not excited by canal rays, using Liebert’s measurements of the resolu- 
tion of the neutral helium lines to determine the strength of the field. 

In his work Liebert used discharge tubes which were of the same 
type as those used by Stark in the measurement of the fine structure 
of the hydrogen resolution, two tubes being employed, in one of which 
the distance between the field electrodes was 2-5 mm. and in the 
other 1-5 mm. The Stark effect is markedly different for the lines 
of the different series of helium and parhelium as is evidenced by 
the following data which are quoted from Liebert’s paper. 

In the case of the principal series of helium (orthohelium) the 
p- and s-components exhibit the same displacements and the lines 
are not resolved but merely displaced. The displacements are given 
in Table CXCV. for two field strengths. 


TABLE CXCV. 


HELIUM, PRINCIPAL SERIES, 


Ne m. Shift in A. 


17,900 volts x cm.—4. 27,500 volts x em. —?. 


3888-79 2 Too small to measure. 

3187-83 3 09 %9 ” 

2945°22 4 + 0:20 + 0°47 
2829'17 5 sins, + 1°25 
276390 6 ple Se 25 


1 Ann. der Phys., 65, 36 (1921). 

*T. Takamine and U. Yoshida, Jem. 
T. Takamine and N. Kokubu. zézd., Sh roan| 
Phys. Soc., Tokyo, 9, 394 (1918). 


Coll. Sct., Kyoto, 2, 327 (1917); 
1918) ; 3, 275 (1919); Proc. Math.- 
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These values entirely confirm the earlier observations and establish 
the fact that the lines are not resolved but are displaced towards 
the red. The displacement, moreover, for a given field strength 
increases with the order number of the lines and is not proportional 
to the field strength but increases more rapidly than the field strength. 

Exactly the same is true of the lines of the sharp series of helium, 
the displacement of two of which are given in Table CXCVI. 


Shift in Angstréms. 


0 ; 5 10 15 20 25 30 
Field in Kilovolts/cm. 
FIG. 47. 
(From “ Annalen der Physik,” Vol. 56, p. 593, 1918.) 


TABLE CXCVI. 


HELIUM, SHARP SERIES. 


x m. Shift in A. 


17,900 volts Xcm.—1. 27,500 volts X em. — 1 


3567 5 + 0641 + 0-70 
3733 6 + os4 + 2°57 


The divergence of the shift from proportionality with the field 
strength is well shown in Fig. 47 in which the shift in Angstréms 
is plotted against kilovolts per cm. 


1 This value is probably too large. 
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When we come to the diffuse series of helium we find a very 
different phenomenon. Not only are the lines definitely resolved 
into p- and s-components as already found by Stark and Kirschbaum, 
but the relation between separation and strength of field varies in a 
remarkable manner. 

Liebert measured the resolution in three different field strengths 
and his results are given in Table CXCVII. In the first case the 
field was too weak for the separate components to be measured, but he 
was able in the case of three lines to determine the separation of 
the outer components with reasonable accuracy. 


TABLE CXCVII. 


725 NOlts = Xecil. arse 


N. an Distance in A between | Distaace in A between 
¥ outer p-components. outer s-components. 
3819°75 4 Bor 2°28 
3705°15 5 3°52 3°22 
3634°52 6 3°60 3°54 
17,900) Voliss cine ts 
AA in A from undis- AX in A from undis- 
Xr. Ms turbed line of turbed line of 
p-components, s-components. 
402634 3 — 2-98 2°73 
— 0-21 = 0°35 
+ 1-93 + 1-98 
3819°75 4 = 13.95 750g 
sa l32 = li35 
+ 1:29 + 1:23 
+ 3°85 T3'03 
3795°15 5 — 6-60 = 15°09 
= 3°50 Sy 
— 0-68 — 0-76 
+ 1:18 ae oA 
a; 3°68 + 3°95 
3634°52 6 776 — 7°48 
— 4°96 —~ 4°44 
= Oe: Sa 
++ 1°31 13% 
+ 4°43 Tr 4°43 
+ 6:03 = 6:03 
3587°57 7 At least 7 com- At least 7 com- 
ponents. ponents, 


a ee a a. a a ee aT 
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27,500 Volts X cm. 1, 


AA in A from undis- AA in A from undis- 
A. m. turbed line of turbed line of 
p-components, s-components. 

4026°34 3 ma ey = RT 
— 0:86 — 0-70 
+ 2-91 + 2°61 
3819°75 4 — 8-23 5°07 
— 3:08 = 152 
+ 0°99 + 1°53 
a ay + 5°28 
3705°15 5 — 914 — 8-09 
5940 — 4°42 
— 1:09 — ool 
gex3735 + 3°60 

+ 7°66 + 819 . 
3634°52 6 — 18:25 — 1825 
— 14°39 1 14°57, 
= 11-85 doo 
— 7-66 Te 
=o 4. a5 47. 
She — 2°28 
+ or18 + 018 
> 2°53 Es 
+ 5°58 + 5°58 
+ 9°58 + 8°72 


A glance at Table CXCVII. shows at once an analogy with hydrogen 
in that the number of components increases in a given field strength 
with the order number of the lines, but, as can also be seen, the 
resolution pictures are by no means symmetrical. In Figs. 48 and 
49 are shown the relations between the distance between the outer 
components and the field strength. The relation is a linear one for 
the two lines A= 4026 and 3820, this having been already found for 
the former by Stark and Kirschbaum, who also noted that the rate 
of increase in the distance between the components of the line A — 
4472 is smaller than that in the field strength. For the lines A = 3705 
and 3634 the rate of increase is greater than that in the field strength. 

Liebert also investigated the effect of an electric field on the 
lines of the principal series of parhelium and he confirmed the obser- 
vations of Stark and Kirschbaum, who noted that the lines of this series 
are not resolved, but are shifted towards the shorter wave-lengths, 
which is the opposite to that observed for the principal series of helium. 
The amount of this shift increases as the order number of the lines 
increases, the lines observed being A = 3964, 3615, 3448. 

In view of the unsymmetrical resolution of the spectrum lines of 
the neutral helium atom, considerable interest arises with respect to 
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the resolution of the spectrum lines of ionised helium in view of the 
close analogy between these and the Balmer series of hydrogen. As 
was shown in Chapter I. the formula of the 4686 series 1s 


I I 
1/A =4N & =): 


which only differs by the factor 4 from the formula for one of the 
hydrogen series. It is therefore to be expected that the Stark effect 
for the lines of ionised helium should be very similar to that for the 
hydrogen lines. 


Shift in Angstréms. 


or wm Wk | OWN © OO 


B) 10 15 20 25 30 
Field in Kilovolts/cm. 
Fic. 48. 
(From “ Annalen der Physik,’ Vol. 56, p. 597, 1918.) 


The first attempt to observe the Stark effect for the ionised helium 
line A= 4686 was made by Evans and Croxson,! who used the Lo 
Surdo method, this being necessary since, as was previously mentioned, 
the ionised helium lines are not excited by the canal rays. Using 
field strengths up to 37,000 volts per cm., these authors found that 
the line was broadened and not resolved into components. The 
broadening of the line appeared to be symmetrical, the intensity of 
the outside edges being less than that of the central portion of the line. 
They found that the width of the line was 3:7 A. when the separation 
of the components of the Hg line was 7:2 A. Each of the hydrogen 


1 Phil. Mag., 32, 327 (1916). 
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components, however, was double and the lines were too diffuse to 
permit of an accurate measurement of the distance between the outside 
components. By the use of Stark’s values it was calculated that this 
distance Was approximately 10 A., and consequently it seems evident 
that if the broadening of the 4686 line is entirely due to the electric 
field, its magnitude is definitely less than one-half that of Hg. 

The first to succeed in proving the resolution of this line was 
H. Nyquist,’ who made a modification in the design of the Lo Surdo 
discharge tube. Considerable trouble is experienced in the use of 
the Lo Surdo apparatus owing to the disintegration of the electrodes 


= 3634,52 


A =3705,15 


Shift in Angstroms. 


10 20 
Field in Kilovolts/cm. 
FIG. 49. 
(From *‘ Annalen der Phystk,” Vol. 56, p. 597, 1918.) 


15 


and the resulting deposition of a metallic film on the glass walls. 
This is particularly troublesome when the discharge tubes contain 
one of the rare gases. Nyquist surmounted this difficulty by enclosing 
the cathode proper in an aluminium tube which fitted into the glass 
discharge tube. A slot was cut in the aluminium tube to allow 
the light from the cathode dark space to pass and through a window 
cemented on to a side tube opposite to the slot. The strength of 
the electric field was determined by the measurement of the resolution 
of Hg and H,. Nyquist found that the resolution of the 4686 line is 
analogous to that of H, in the weak fields. In a field of 100,000 


1 Proc. Nat. Acad. Sct., 3, 399 (1917); Phys. Rev., 10, 226 (1917). 
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volts per cm. two p-components were observed with separations 
of + 3:2 A. relative to the undisturbed line, and one s-component 
in the position of the undisturbed line. The resolution picture, 
therefore, is completely symmetrical. 

This investigation was extended by Stark, Hardtke, and Liebert 
to the next two lines of the series, namely, A = 3203 and 2733. In 
their first experiments these authors used the modified Lo Surdo tube 
devised by Nyquist, but later they still further improved the apparatus 
by the substitution of a silica tube for the aluminium tube. The con- 
struction of the cathode is shown in Fig. 50, where A is a copper rod 
4 mm. thick with a cap of aluminium, this metal showing the smallest 
amount of disintegration. The rod A is mounted in a quartz glass 

tube which extends 15 mm. beyond the alumin- 

ium cap on A. A slot 2-5 mm. high and 2:0 

mm. wide is cut in this quartz tube in such a 
position that the lower edge of the slot is 0-5 mm. 
below the top of the aluminium cap. 

The quartz tube is fitted to a brass cylinder 
B, 3 cm. long with walls 2-5 mm. thick, and 
this cylinder in its turn fits into the glass walls 
of the discharge tube. In this cylinder a slot 
is cut which corresponds exactly to the slot in 
the walls of the quartz tube. This allows the 
passage of the light from the first cathode dark 
space to the spectrograph through a side tube 
fitted with a quartz or fluorite window. Op- 
posite to the slot a large hole is cut in the brass 
cylinder. This is very convenient during the 
adjustment of the apparatus and it also enables 
observation to be made of the discharge, the 
length of the dark space, ete. 

‘Below the brass cylinder the quartz tube 
containing the copper rod is mounted in a glass 
tube, which is sealed into the walls of the dis- 
charge tube, connection with the cathode being 
made in the usual way by means of a platinum 
wire electrode. The lower part of the discharge tube is kept cool 
by immersion in water up to the lower portion of the side tube, 
water being allowed to drop on the upper side near to the quartz or 
fluorite window. 

A direct current was employed at 4500 volts given by a dynamo 
(3500 volts) and an accumulator battery (1000 volts), and the best 
results were obtained with the first cathode dark space extending 
3 to 5 mm. and a discharge of 1 to 4 milliamperes. The strength of 
the field was determined by the resolution of the neutral helium lines 
measured by Liebert and described above. 

It was found that the intensity of the ionised helium lines at 
A = 3203 and 2733 was much smaller than that of the neighbouring 


FIG. 50. 
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helium lines, and owing to the disintegration of the electrode there 
was present a marked ultra-violet continuous spectrum. Considerable 
difficulty was met with in obtaining good photographs, but the values 
for the two lines given in Table CXCVIIL were obtained from the 
measurement of the best photographs. Whilst the error may be as 
great as 25 per cent. it is probably much smaller. The actual strength 
of the field was 26,600 volts per cm. and in order to compare the 
separations with those observed by Nyquist for the line A = 4686, 
these have been multiplied by 100000/26600 on the assumption that 
the separation is linearly proportional to the strength of the field. 
Nyquist’s measurements are included in the table for the purposes 
of comparison. 


TABLE CXCVIII. 


26,600 volts X cm, — 1, 100,000 volts X cm, — 1, 


a p-components, s-components. p-components, s-components. 
+ 3:2 (3) 
4686 Bee 0 (6) 
| + 1:02 + 3°8 (5) ( | 
+ O51 £19 (5 
3203 | — O51 ae ENS) S) 
— 102 — 3:8 (5) 
goakes 5 are G18 (C9), + 3°7 (4) 
ee (a) ) | 
'P +o: P+r2(1 fe) 
2733 > £ ee (7 
| — 0:98 ? — 12 (1) | 
eae = 57 (6) — 3°7 (4) 


The relative intensities are represented by the bracketed figures 
and the values for the inner p-components of A = 2733 are uncertain. 

It will be noticed at once that the resolution pictures with all 
three lines are symmetrical, as is the case with the lines of the Balmer 
series of hydrogen. The very close analogy between the resolutions 
of the lines of ionised helium and of hydrogen is shown in Fig. 51 
which is self-explanatory. It will be seen from this figure that Evans 
and Croxson were correct in their conclusion that for equal field 
strengths the separation observed with ionised helium is less than half 
that observed with hydrogen. 

There remains now to be described the Stark effect with other 
elements, namely, lithium and some of the heavier metals. Reference 
has already been made to Stark’s work on lithium, but before giving 
his results it is necessary to describe the modifications made in the 
design of his discharge tube for the purpose of studying the resolution 
of the spectrum lines of other substances than hydrogen and helium. 

The alkali and alkaline earth metals can be examined owing to the 
fact that their series lines are excited when their salts are exposed to 
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a rapid stream of canal rays.!. The luminescence takes place in the 
space immediately above the surface of the salt. In order to adapt 
this method to the present purpose, the electrode is prepared in the 
following way. In Fig. 52 is shown an iron disc mounted on an iron 
rod. The upper surface of the disc is countersunk as shown and in 
this depression rests a thin flat disc of platinum pierced with many 
holes. The whole is then covered with the required anhydrous salt and 


28,500Volts/em | 


Hf lines 


4341 4861 6563 
fle lines | | | | | 
'o4 
100,000Volts/em | | | | | | 
2733 3203 4686 
FIG. 51. 


heated until the salt melts and flows well over and under the platinum. 
More of the salt is then added and the whole is again melted and allowed 
to cool. When solidification begins the layer of salt is smoothed and 
made as flat as possible. A screw thread is cut on the lower end of 
the iron rod and a small nut is fitted to the screw. The nut is mounted 
with shellac into the end of a hollow glass plug which is ground into 
the end of the discharge tube. The exact position of the iron disc is 
adjusted by means of the screw and, when this has 
been carried out, the screw and nut are well coated 
with shellac. 

If the residual gas in the discharge tube is hydro- 
gen, the salts are reduced to metal with very incon- 
venient results. It is far preferable to use oxygen, 
which may of course be obtained by heating potassium 
chlorate contained in a side tube attached to the 
discharge tube. Stark employed this apparatus in 
investigating the effect of the electric field on the 
lines of sodium, magnesium, calcium, aluminium, 
thallium, and mercury. Except in the case of lithium 
the results he obtained were not sufficiently accurate to justify their 
publication. Two observations, however, must be mentioned. In the 
first place, the lines of the diffuse series exhibit a greater tendency to 
be resolved into separate components than the lines of the principal 


FIG. 52. 


'V. Carlheim-Gyllenskold, Aych. Math. Ast. och Fys., 4, No. 


2 ; 33 (1908) ; 
J. Stark and G. Wendt, 4nn. der Phys., 38, 669 (1912). 


THE STARK EPFECT 443 


and sharp series. In the second place, Stark found that the resolution 
tends to decrease with increase in atomic weight, but it is remarkable 
that in a field of 18,000 volts per cm. two members of the diffuse 
triplets of mercury show definite resolution, in spite of the large 
atomic weight of this element. 

The measurements made by Stark of the resolution of the lines 
of the diffuse series of lithium are given in detail in Table CXCIX. so 
as to show the close analogy with that of the helium lines. 


TABLE CXCIX. 


LiTuium, 38,000 VOLTS PER CM. 


Separation in A. | Intensity and Separation in A. | Intensity and 


ca 
$ 


of p-components, remarks, of s-components. remarks, 
610384 2 + small. 3 + small. 3 
4602°37 3 + 1°24 8 + 1:07 8 
— 0°53 1 doubtful. — 0°53 1 doubtful. 
= 3°43 6 oes 6 
4132°93 4 jog 50 3 + 2-98 3 
—o7! 4 — 0°62 4 
24208 2 — 4°63 2 
3915°59 5 + 6°41 I uncertain. + 6°27 I uncertain. 
+ 1:82 I 5 -+ 1°42 I 6 
— 2:94 I 38 — 2:22 I 5 
— 7-21 I “ — 6°45 I ae 


In measuring the Stark effect for the diffuse series of helium 
Liebert did not observe the first two lines for which m= 2 and 3. 
These were examined by Stark and Kirschbaum in a field of 28,500 
volts per cm. and for convenience in comparing helium and lithium 
their values for the first four lines are given in Table CC. 

A comparison of Tables CXCIX. and CC. shows a remarkable agree- 
ment between the Stark effects as exhibited by the two elements. In 
both cases each line gives the same number of approximately equal 
p- and s-components, and this number is equal to m — I, since the 
doubtful central component of the line # = 3 may be ignored. It may 
further be noted that the distance between the two outer p-components 
is in each line greater than that between the two outer s-components. 
Further, the values of the separations for the two specified fields are 
very similar for the corresponding lines of both elements. Since the 
field in the case of lithium is materially larger than that used in the 
case of helium it follows that the separation for equal field strengths is 
decidedly smaller in the case of lithium. Indeed this is the only 
essential difference between the two elements as far as the Stark 
effect is concerned. 
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TABLE CG; 


HELIUM, 28,500 VOLTS PER CM. 


r Separation in A. | Intensity and Separation in A. | Intensity and 
i c of p-components. remarks. of s-components. remarks, 
5875°87 2 + 0°14 4 + 0:09 4 
16 + 1°20 8 + 1:07 8 
es g + 0:04 1 doubtful. + small. 1 doubtful. 
— 2:04 6 — 2°63 6 
4026°34 4 + 3°47 5 4-372 5 
— 0-40 5 — 0-40 5 
4°23 4 — 4:01 4 
3819°75 5 + 5°34 2 + 5°16. 2 
+ 1°78 3 + 1°78 3 
= 205 3 — 1-69 3 
— 5:96 2 — 5:61 2 broad. 


This brings us to the end of the work which has been carried out 
by Stark’s own canal ray method, and there next comes under review 
some further investigations on the Stark effect on lines of metals 
which have been carried out by Lo Surdo’s method. There are three 
investigations which may be described, of which the first was carried 
out by Miss Howell,1 who used as electrodes rods of various metals 
5 mm. in diameter and 1-5 to 2 cm. long. The metallic cathode when 
bombarded by the rays from the anode gives the spectrum lines of the 
metal close to the surface, which of course is just the position for 
the observation of the Stark effect. Equally brilliant spectra are 
obtained in air, oxygen, and hydrogen, and the last gas was used for 
the purpose of measuring the strength of the field. The design of 
the discharge tubes was quite simple and is indicated in Fig.) 535-0; 
b, and c. The side tube and window shown in } were used in cases 
when the metal disintegrated and formed a layer on the walls of the 
tube. The longitudinal effect was studied by the use of the form 
shown in c. 

When the cathode is covered with a thin layer.of the anhydrous 
chloride of the metal, a very brilliant spectrum is obtained, this 
having already been made use of by Stark and mentioned above. 
Miss Howell used this method in studying the Stark effect with lithium, 
calcium, and strontium. 

The spectroscope was a three prism instrument with a linear dis- 
persion of I mm. = 18 A. at Hy, and I mm. = 12 A. at A= 3950. The 
strength of the field was determined from measurements of the resolu- 


1 Janet T. Howell, Astrophys. Journ., 44, 87 (1916). 
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tion of H,, and it was found convenient to obtain the separation between 
the outer components by doubling the displacement of the outer 
component on the short wave side. The discharge from an induction 
coil was used, together with a rectifying valve, and consequently was 
not completely unidirectional. 


Ee ie 
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In the case of lithium the separations obtained in the transverse 
effect were in general rather larger than those found by Stark with 
the same strength of field. The results obtained in the longitudinal 
effect with a field of 20,000 volts per cm. are given in Table CCI. 


TABLE, CCI. 
\ Separation in A. Intensity. Separation in A. Intensity. 
p-components. s-components, : 
4602°37 + 0°57 8 + 0°34 6 
— 2:01 6 — 1°53 3 
ie ANS) I 0°77 I 
4132°93 — 0:26 5 — 0:26 5 unpolarised. 
— 1°99 fe) =F) fe) 


The polarisation of the components is a new phenomenon, since, as 
has already been stated, the components observed in the longitudinal 
effect are unpolarised with both hydrogen and helium. 

Miss Howell found no evidence of any electric effect with the 
lines of the diffuse series of calcium at A= 4457, 4435, and 4425. 
On the other hand, the H and K lines (A = 3968-63 and 3933-83), 
which belong to the principal series gave in a field of 20,000 volts 
per cm. the separations shown in Table CCII. 
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TABLE CCII. 


TRANSVERSE EFFECT. 


A. p-components. | Intensity. s-components. Intensity. 
3968-3 + 0:22 6 + 0-16 6 unpolarised. 
— 086 2 — 074 2 
3933°83 + 0°22 9 + 0:22 9 unpolarised. 
— 0°92 3 — O74 3 


LONGITUDINAL EFFECT. 


3968-63 + 1:27 3 + 1°23 3 unpolarised. 
+ oo! 8 — 0:02. 8 = 
— 117 fo) — ll fo) a 
3933°83 + 1°42 4 At g8) Nr » 
-+ 0:06 9 — 0:02 9 Fe 
— 1°30 I — 1:26 I i 


This result does not conform to Stark’s generalisation that the diffuse 
series show greater resolution than either the sharp or principal 
series, and, further, the separation is very large for an element of so 
high an atomic weight (Ca= 40). It may be noted that Stark 
found no resolution of the H and K lines in the transverse effect, 
and this raises the question as to whether the electric effect is the same 
under the different conditions of the two experimental methods, 
namely, those of Stark and of Lo Surdo. This question has not yet 
found a satisfactory answer. 

It may be mentioned that Miss Howell was not able to detect any 
electric effect in the cases of magnesium, strontium, zinc, aluminium, 
iron, and nickel. She quite rightly pointed out that the absence of 
any effect with these metals indicated the need for further work 
with more intense light sources and greater dispersion. 

The realisation of these improved conditions was achieved by 
Anderson # with metals of relatively high melting-points. An added 
importance attaches itself to the study of the Stark effect with 
such metals as iron, nickel, chromium, vanadium, and titanium, since 
their spectra are of special significance in solar spectroscopy. If 
some of their lines exhibit a Stark effect it would at once be possible 
to determine whether electric fields exist in the solar atmosphere. 

The discharge apparatus used by Anderson is illustrated in 
Fig. 54 and consists of a bell-jar about 15 cm. in diameter and about 
30 cm. high, which is luted on to a strong glass plate with two holes 


' Ann. der Phys., 43) 1017 (1914). 
*J. A, Anderson, Astrophys. Journ., 46, 104 (1917). 
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drilled in it. In one of these holes is sealed a glass tube which 
connects with a high vacuum oil pump, whilst in the other is sealed 
a wider glass tube having a platinum electrode sealed in at the lower 
and closed end. This tube is 2-5 cm. in diameter and tapers to 
1-5 cm., in order to form a seat for the ground joint with the silica 
tube D. At its upper end D is connected by a ground joint to the 
short and wider silica tube C. The cathode consists of two parts, 
B, made of iron, and b, of the metal to be studied, and rests on the 
top of the tube D. The short silica tube C has a vertical slot cut in it, 
about I mm. in width, which extends down to the level of the top 
surface of the cathode proper, b, this being necessary to allow the 
passage of the light from the first 
cathode dark space. The tube C must 
be ground truly cylindrical inside and 
must have a diameter which is about 
0-1 mm. larger than that of the cathode 
b, these conditions being most impor- 
tant. Connection between the iron 
cathode B and the lower platinum 
electrode is effected by means of a fine 
platinum wire. 

The anode A consists of a massive 
aluminium disc mounted on a rod of 
the same metal, which is connected to 
a platinum wire sealed in at the end of 
a short glass tube. This tube is ground 
in to a hole drilled through the knob 
at the top of the bell-jar, the joint 
being luted with water-glass. 

In his investigations Anderson used 
a direct current from eight generators 
at about 6400 volts, with a resistance 
of about 32,000 ohms in series, and 
adjusted the pressure so that the 
cathode dark space extended over FIG. 54. 
about 4mm. With one of the above- 
mentioned metals as cathode the initial current is about 100 milli- 
amperes, and with manganese it is a little larger, whilst with mag- 
nesium it is almost 200 milliamperes. During the first minute the 
current decreases rapidly and in about two minutes it becomes steady 
at about 40 milliamperes, the temperature of the cathode proper rising 
in the meantime to 800°-1000°. The whole of the cathode dark space 
and most of the negative glow are confined within the tube C. 

Considerable heating of the apparatus takes place and in order 
to protect the bell-jar from unequal heating a sheet brass cylinder, 
g cm. in diameter and 18 cm. high, is placed round the cathode and 
rests on the glass plate. This cylinder reaches to within about 
2:5 cm. from the anode and has a hole cut in it opposite the slot in 
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the silica tube C. The heating of the bell-jar is then much slower 
and more uniform, with the result that the discharge can be passed 
continuously for thirty to sixty minutes without danger. It is ad- 
visable to keep the glass-silica ground joint below the glass plate cool 
by immersion in water, in order to guard against damage arising 
from the unequal coefficients of expansion of glass and silica. 

A very important factor is the correct relationship between the 
sizes of the tube C and the cathode b. If b is too small the discharge 
tends to pass from the iron cathode B in between b and C. If, on 
the other hand, b and C are in contact, then, when C is red-hot, C begins 
to act as cathode and no result can be obtained. Great care must 
be taken in adjusting the relative sizes of the two so that there is no 
contact between C and b, even when the latter is white-hot. As 
already stated there must be an annular space of 0-I mm. between 
the two when cold. 

When the apparatus has been in use for several observations the 
tube C becomes coated with a metallic film with the result that a 
short circuit is unavoidable. The only remedy is to dismantle and 
clean the apparatus. After a short time the cathode b becomes 
hollowed out into a flat-bottomed dish with a rim 0-5 to 1 mm. thick. 
Since this interferes with the passage of the light this rim must 
occasionally be removed. 

The apparatus was used with an atmosphere of oxygen, since it 
was found that brighter spectra were obtained with this gas. Hydrogen 
lines were, however, always visible, and the resolution of these was 
used to determine the strength of the field. As was pointed out 
by Takamine and Yoshida, the strength of the field in an ordinary 
narrow Lo Surdo tube varies approximately as the square of the dis- 
tance from the negative glow, with the result that the hydrogen 
components appear as parabolic curves with their vertices in the 
negative glow. With the above apparatus, on the other hand, the 
field strength varies almost linearly with the distance from the nega- 
tive glow, with the result that the components of the hydrogen lines . 
appear on the resolution picture as straight lines. This is extremely 
convenient, since with other elements it is possible at once to deter- 
mine whether the displacement varies linearly with the field strength 
or not by observing whether the components are straight lines or 
curves. 

In his paper Anderson only gives the results of his observations 
with chromium, and in this work he used a plane grating (4-inch 
with 14,438 lines to the inch) so mounted that the third order was 
obtained of. from A == 5000 to A= 3000, and the dispersion varied 
from I mm. = 5:2 A. tol mm. = 3:0 A. With short exposures lines 


* Mem. Coll. Sct., Kyoto, 2, 137, 335 (1917). The actual relation can be ex- 
pressed as follows: If E, be the field strength at the end of the dark space, E the 
field strength at any point in the dark space, d@ the distance of that point from the 
cathode, and d, the length of the dark space, then E — Ey = &(d, — d)*, where & 
1s a constant, 
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having a separation of 0-1 A. could be resolved, whilst with longer 
€xposures the resolving power was reduced by the effect of tempera- 
ture variations to from O-15 to 0-20 A. 

_ An_ interesting phenomenon was observed in the investigation 
with chromium and subsequently the same was also found with iron 


without any marked increase of intensity of the normal arc lines. 
After many failures to reproduce this result it was finally found 
that after about six consecutive runs a sensitive condition was de- 
veloped, which persisted in subsequent exposures until it became 
necessary to clean the apparatus, owing to the deposition of the 
metallic film on the tube C. This phenomenon is undoubtedly con- 
nected in some way with the disintegration of the cathode, since the 
deposition of the metallic film on the tube C and the hollowing out 
of the cathode become much more rapid when this sensitive condition 
is established. The appearance of the cathode dark space is also 
altered, becoming much more luminous. 

Anderson did not succeed in explaining this phenomenon, but the 
following suggestion may tentatively be put forward. It has been 
found that when the electric discharge is passed through vacuum 
tubes in the presence of a film of nitride on the electrodes, the nitride 
is decomposed and some of the nitrogen atoms are disintegrated with 
the formation of small quantities of helium, some neon also being 
formed. It is well known that the disintegration of the electrodes 
is far more pronounced with the rare gases than it is with diatomic 
gases. In view of the undoubted connection between Anderson’s 
sensitive state and the cathodic disintegration it may be suggested 
that during the quiescent period before the sensitive state is estab- 
lished the atomic disintegration of nitrogen is slowly taking place. 
When the amount of rare gases present is sufficient, the marked 
increase in cathodic disintegration suddenly sets in, a condition which 
obviously will favour the increased intensity in the luminosity of the 
cathode dark space. This suggestion finds some support in an ob- 
servation by Takamine? that the more intense spectra are obtained 
in a similar apparatus presently to be described when the residual gas 
is air. He attributes this to the presence of nitrogen. 

Anderson describes in his paper the Stark effect for 74 lines given 
by a chromium cathode in the sensitive state between A = 5330 and 
A= 3710;. The exposures varied from a few minutes in the ultra- 
violet region to about 40 minutes in the region A = 4800-5330, 


1E.C. C. Baly and R. W. Riding, Proc. Roy. Soc., 109, A, 186 (1925); see 
also Mature, 118, 625 (1926). 

* Astrophys. Journ., 50, t (1919). 
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TABLE CCIIIl—Continued. 
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and probably more lines would have been observed with longer 
exposures. Most of the lines observed are not to be found in the 
published tables of wave-lengths of chromium lines, and the question 
arises as to whether these lines are really due to chromium. He gives 
valid reasons for believing that they are actually due to chromium. 
The wave-lengths of these lines and the magnitude and nature of the 
Stark effect are given in Table CCIII, 
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In Table CCIII. the first column contains the wave-lengths of the 
undisplaced lines, with their relative intensities in the second column. 
The third column contains the displacements of the p-components 
reduced to a field strength of 12,000 volts per cm., in the fourth column 
are given the intensities of the components in the stronger part of the 
field, whilst the fifth column indicates how the displacement varies 
with the strength of the field. The sign + indicates that the dis- 
placement is proportional to a higher power of the field strength than 
the first, the sign = indicates that the displacement is roughly pro- 
portional to the first power, whilst the sign — indicates that the dis- 
placement varies more slowly than the first power of the field strength. 
In a few cases where the displacement was very small, or the displaced 

component happened to overlap a neighbouring 

nitrogen band line, a question mark appears in the 

fifth column. The last three columns contain the 
similar data for the s-components. 

There are several lines which only give one type 
of component. For example, the lines at A= 4110-75 
| and 4097-80 have only p-components, whilst the lines 

at A= 4112-18, 4111-82, 4111-02, 4098-11, 4097-4T, 
| and 4096-94 have only s-components. The two 
lines at A= 4111-02 and 4098-11 are peculiarly in- 
| teresting, for the p-component of A = 4098-II can 
be traced for only a very small fraction of the dis- 
tance through the dark space, whilst the line A= 
AIII‘O2 can be traced faintly nearly all the way 
across to the cathode, although the intensity pro- 
gressively diminishes. In a very weak field, there- 
fore, both these lines are almost completely unpolar- 
ised; as the field strength increases, they gradually 
become polarised, the line A= 4098-11 reaching 
complete polarisation in a much weaker field than 
the line A = 4111-02. 
In another paper Anderson records the Stark 
Fic. 55. effect for some of the lines of nickel! but as this 
metal has been more extensively studied by 
Takamine this brief reference is sufficient. Takamine,? who investi- 
gated many metals, used an apparatus similar to that designed by 
Anderson, but the diameter of the cathode was reduced from 13 mm. 
tofrom2to5mm. The detailed construction of the cathode is shown 
in Fig. 55, where A is a cylinder of the metal to be studied, which is 
fixed in the iron frame C. Resting on top of the iron frame C is a 
disc of fused silica B with a central hole through which the cathode 
proper A passes and projects about 0-3 mm. above the upper surface 
of B. Dand Fare silica tubes ground to fit tightly together and in D 
is cut a vertical slot, about 1 mm. in width, which extends down to 


t Phys. Rev., 9; Bis (1917). 2 Astrophys. Journ., 50, 23 (1919). 
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the level of the upper surface of B. - The upper end of this slot is 
covered by a small piece of metal. F is the platinum wire making 
connection with the electrode below. In all other respects the ap- 
paratus is essentially the same as that used by Anderson. The pres- 
sure was reduced until the Crookes dark space had a length of 1 to 
2mm. Direct current was supplied by a set of high potential gener- 
ators, each giving 800 volts, connected in series. The number of 
dynamos used varied from 16 to 24. By the use of suitable water 
resistances the current in general was maintained between 40 and 20 
milliamperes. In order to avoid excessive heating, the discharge 
was passed intermittently and the bell-jar was cooled by means of 
an electric fan. 

The intensity of the field was determined from measurements of 
the separation of the outermost components of He, Hy, and Hs, and 
the maximum value at the cathode (Fmax) varied from 75,000 to 
28,000 volts per cm. With the smaller cathode the distribution of 
the field strength was not linear, as was found by Anderson, but 
parabolic, 

As mentioned above, it was found that the spectra of the metallic 
cathodes were obtained with greatest intensity when the residual gas 
was air, and this increased effect was attributed to the presence of 
nitrogen. 

Takamine studied the Stark effect with copper, silver, gold, mag- 
nesium, molybdenum, tungsten, manganese, iron, nickel, and cobalt, 
and no affected lines were observed in the spectra of manganese and 
tungsten. One of the most interesting cases is that of silver, which 
is remarkably similar to that of helium in the behaviour of its lines 
in the electric field. The resolutions are given in Table CCIV., the 
values of the maximum strength of field being set out for each line 
in the last column. 

As in the case of helium the lines of the diffuse series (A = 4213, 4211, 
4055, 3811, and 3682) show resolution into components, whilst the 
lines of the sharp series (A = 4669, 4476, 3982, and 3841) only show 
displacement in one direction. There are one or two anomalies, such 
for example as the behaviour of the p- and s-components on the 
short wave side of the lines A = 3811 and 3682. In a weak field 
these are displaced approximately in proportion to the field strength ; 
as the field increases this law ceases to hold, and in strong fields the 
displacement becomes practically constant. A. further interesting 
fact is to be noticed in the relative intensities of the p- and s-compon- 
ents of these lines. As can be seen, these are reversed, that is to say, 
the ratio of intensities of the two first longer wave p-components is 
the reciprocal of the ratio of the intensities of the two longer wave 
s-components. 

As was pointed out by Koch ! and later by Stark,” new lines are to 
be found in the spectrum of helium when emission takes place in a 
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TABLE CCIV. 
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strong field, owing to the fact that the principle of selection no longer 
is valid (see p. 110). The same is found in the case of silver, and the 
lines at A= 4207 and 4082 belong to this type, since they are not 
visible in the arc spectrum of this element. 

The results obtained with copper were somewhat analogous to 
those obtained with silver, the two lines at A = 3688-60 and 3654°50 
of the diffuse series (m= 6) being resolved into components. The 
lines (m = 5) of the same series at A = 4063-50, 4062-14, and 4022-83 
are shifted towards the red, whilst the lines (m= 4) at A= 5220-25, 
5218-45, and 5153-33 are shifted towards the violet, 

Only three lines of gold were found to exhibit the Stark effect, 
and in the case of magnesium four lines at A= 4703°3, 4352:2, 3097°I, 
and 3093°1 are displaced towards the red, whilst the shift in the op- 
posite direction takes place with the line at A= 4571°3 and the 
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group at A =: * 3868: 4, 3832°5, and 3829-5, which is the fourth member 
of the diffuse series of triplets. 

Molybdenum shows many lines which exhibit the Stark effect, and 
these are given in Table CCV. : 


TABLE CCV, 
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Two points may be mentioned with respect to Table CCV. In the 
first place, the same complementary phenomenon of intensity as was 
noted in the case of the silver lines at X= 3811 and 3682 is shown 
by the molybdenum lines at A = 5264-50 and 5238-41. Further, the 
p-component of the line at A = 5238-41 behaves like the s-component 
of the line at A = 5364-50 and vice versa. 

Takamine also observed the Stark effect with fifty lines of nickel 
between the wave-lengths A = 5588 and A = 3826, and forty-eight lines 
of cobalt between A= 5638 and A= 3665. Some lines of sodium, 
nitrogen and oxygen were also noted as being shifted in the electric 
field. 

In the case of iron eleven lines between A = 5455 and X== 5133 
showed the Stark effect, but this was very small compared with the 
effects noted with the other elements already dealt with. A very in- 
teresting fact was discovered in the unmistakable connection between 
the Stark effect and the pole effect. In Table CCVI. are given the 
two effects for the eleven lines observed by Takamine, the values for 
the pole effect being those of St. John and Babcock.2 


IUNILIS, OCWAL, 
Stark effect for 29,800 volts per cm, 
ING Pole effect. 
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As is obvious from the values given in Table CCVL., there is complete 
agreement as to the direction of displacement in both the Stark and 
pole effects. There is also a fairly good quantitative agreement be- 
tween the two, except in the case of the three lines at \ — 5455, 5424, 
and 5162. As far as the first line is concerned this js due to the fact 
that there are two lines at A = 5455-614 and 5455-435, the latter being 
an ‘“‘e”’ line and shifted to the violet in the pole effect. Since this 
close pair was not resolved in Takamine’s plates, his measurement 


* This phenomenon has been explained on Bohr’s correspondence princi dle b 
A. Rubinowicz, ZLetisch. fiir Phys., 5) 331 (1921). : Cy or ae 
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of the Stark effect for the unresolved line is subject to considerable 
error. Takamine also gives a comparative table of the two effects 
for eight nickel lines and these indicate a similar qualitative agreement 
between the two. 

Attempts were made to determine whether any correlation exists 
between the Stark effect and the pressure shift effect, without, however, 
any conclusive result. A comparison of Duffield’s observations of the 
pressure effect on the lines of copper, silver, gold, iron, and nickel 
with the present observations would seem to indicate that in many 
cases the Stark effect is involved as one of the contributory causes of 
the pressure effect. Duffield classifies the lines into two groups, one 
of which is strengthened as the pressure increases and the other is 
weakened. All the lines which exhibit the Stark effect belong to the 
second group. On the other hand, many lines are broadened unsym- 
metrically at high pressures and are not affected by an electric field. 
The relation between the two effects, therefore, is not so simple as 
between the pole and Stark effects. 

Takamine discusses the Stark effect in relation to different spectral 
series, although of the metals he investigated copper and silver are 
the only two for which the series have been identified. In general, 
his results confirm Stark’s observations that the diffuse series show 
complex resolution whilst the sharp series are displaced in one direc- 
tion, a phenomenon which is very pronounced in the case of helium. 
The direction of displacement is of considerable interest. The lines 
of the sharp series of silver are all shifted towards the red, whilst in 
the case of copper the lines of both the sharp and diffuse series change 
direction of displacement in passing from m= 4 to m= 5. This is 
also the case with magnesium, since the group A = 3838-4, .3832°5, 
and 3829, which is the fourth member of the diffuse series, is displaced 
to the violet, whilst the fifth member containing the lines A = 3097-1 
and 3093:I is shifted towards the red. 

Finally, it may be noted that the similarity of the Stark effect of 
members of the same chemical family is very striking when the follow- 
ing groups are compared: copper, silver, and gold; chromium and 
molybdenum ; iron, nickel, and cobalt. 

In concluding this account of the experimental investigation of 
the Stark effect, reference may be made to certain other papers which 
have not been previously mentioned. 

The Theory of the Stark Effect.—We may now discuss the theo- 
retical explanation of this phenomenon, and it will be convenient to 

1« Hydrogen,” U. Yoshida, Jem. Coll. Scz., Kyoto, 4, 187 (1920). ‘* Secondary 
Spectrum of Hydrogen,” M. Kiuti, Japanese Journ. Phys., 1, 29 (1922). “* Hydro- 
gen and Helium,” J.S. Foster, Phys. Rev., 20, 214 (1922) ; 23,667 (1924). ‘‘ Helium,” 
W. Tschulanowsky, Zeztsch. fiir Physik, 16, 300 (1923). ‘‘ The D Absorption Lines 
of Sodium,” R. Ladenburg, Zeztsch. fiir Phys., 28, 51 (1924). ‘ Oxygen and Argon,”’ 
i. Bottcher and F. Tuczek, Ann. der Phys., 61, 107 (1920). ‘‘ Argon, Iodine, and 
Nitrogen,” W. Steubing, Phys. Zeztsch., 23, 427 (1922). ‘* Broadening of Spectrum 
Lines, and Stark Effect,’ M. Kimura and G. Nakamura, Japanese Journ. Phys., 2, 
61 (1923). ‘ Apparatus and Methods of Observation,” I. Tuczek and W. Heuck, 
Ann, der Phys., 63, 766 (1920); E. Gehrcke, Zeztsch. tech. Phys., 3) 93 (1922). 
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re-state the conclusions which have been arrived at from the experi- 
mental results described above. 

I. Every hydrogen line of the Balmer series is split into a definite 
number of components. 

2. The number of components increases with the series number of 
the line. 

3. The components are linearly polarised when viewed transversely, 
some being polarised parallel to the field and some perpendicularly 
to it, this definition of polarisation referring to the direction of the 
electric vibration in the light ray. 

4. When viewed longitudinally, only the s-components are visible, 
and these are unpolarised. 

5. In general, the intense p-components lie on the outside and the 
intense s-components towards the inside of the resolved group. 

6. In the case of hydrogen the distribution of the components, 
both as regards number and polarisation, is symmetrical with refer- 
ence to the parent line, but this symmetry tends to vanish in the 
case of other atoms. 

7. In the case of hydrogen the distances in wave-numbers of the 
components from the central undisturbed line are integral multiples 
of a definite smallest distance, and this interval is the same for all 
hydrogen lines. 

8. The resolution and the smallest line interval increase propor- 
tionately with the external field. 

The theoretical explanation of this phenomenon for atoms of the 
hydrogen type was obtained independently by Schwarzschild} and 
by Epstein,” who showed that the quantum theory affords a complete 
and unambiguous solution of the problem. 

At the outset reference may be made to Sommerfeld’s equation 
for the Balmer series of hydrogen given on p. 107, where it was 
pointed out that the formula has a deepened theoretical significance 
and its origin has multiple roots. By the admission of elliptical 
orbits the series has gained no extra lines and has lost none of its 
sharpness. The significance of this formula has already been dealt 
with in two directions in Chapter I., but there is yet another important 
aspect of Sommerfeld’s result. In the natural state of the hydrogen 
atom the various possibilities of generation of emission coincide in 
one line. If, however, there is imposed an external electric field, the 
original quantum orbits will be disturbed. It is obvious that the dis- 
turbance will affect the various ellipses differently with the result 
that the energy of these orbits will be altered to a different extent. 
A qualitative explanation of the Stark effect, therefore, follows at 
once from Sommerfeld’s formula.® 


1 Preuss. Akad. Wiss., Sitzungsber., p. 548 (1916). 

* Ann. der Phys., 50, 489 (1916). 

° Miinchener Ber., pp. 425 and 459 (1915). This was a preliminary paper in 
which Sommerfeld only dealt with the problem of plane quantisation. His complete 
Coe dealt with in Chapters I. and II., was published in Ann. der Phys., 51, 1 

1916), 
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This formula, however, is not sufficient of itself to give a complete 
quantitative explanation of the phenomenon which must be found 
in the spatial quantising of the orbits, that is to say, the total quantum 
number is the sum of three quantum numbers, 74, 1%, 73, instead of 
two, as in Sommerfeld’s plane formula. This is quite obvious from 
the fact that the effect of the external field must depend not only on 
the shape and size of the electronic orbit (two quantum numbers), 
but also on the spatial position of the orbit with respect to the lines 
of force of that field (third quantum number). Under the influence 
of the external field the original orbits are no longer circular and 
elliptical but become more complicated curves, and the problem is to 
seléct from the total number of orbits which are mechanically possible 
those which are possible or most probable on the quantum theory by 
choosing three quantum numbers, 7, 9, 3, and expressing the energy 
of the orbits as functions of those numbers. Each triplet of quantum 
numbers, 71, Ng, 23, in the initial and final orbits gives rise to a different 
component in the Stark effect, and the increase in the number of 
these components with the order number of the line in the Balmer 
series becomes evident. As the total quantum number (7, + ng + nz) 
of the initial orbit increases, the number of quantum triplets into 
which this number can be resolved also increases, with the result that 
the number of components in the Stark effect increases. 

Epstein dealt with the simple case of a hydrogen-like atom which 
consists of a single nucleus and a single electron, and applied the 
Sommerfeld quantum law 


[uaa = nh 


to a system with three degrees of freedom, each of these being quan- 
tised. There is no need to give the details of his treatment, but men- 
tion may be made of the choice of co-ordinates. Sommerfeld! gives 
in his book an excellent description of Epstein’s treatment and, in 
reference to the choice of co-ordinates, says that the problem to be 
considered is the motion of a point mass under the influence of two 
arbitrary and arbitrarily-placed, fixed (Newton-Coulomb) centres of 
attraction. The appropriate co-ordinates for this general problem 
are (according to Jacobi) the parameters of the families of confocal 
ellipses and hyperbole which are described about the two centres 
as foci, together with the angle measured from the line connecting 
the centres. The general problem reduces to the special one to be 
considered, if one of the centres is removed to infinity, whilst its 
attractive power correspondingly increases. The systems of confocal 
ellipses and hyperbole then resolve into two families of confocal 
parabolas, of which the second fixed centre, the nucleus, is the focus, 
and the field direction through it is the common axis. 

The important value to be calculated is the energy of the electron, 


1 Atombau und Spektrallinien, 4te Auflage, p. 356. 
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and Epstein showed that, if his expressions for this energy be developed 
in increasing powers of the intensity of the field F and higher powers 
than the first be neglected, the energy is given by 

2m*met I 3h?F 


Wi h® * (nm, + 1g + 75) ns Se M2 My)(%, + M+ ms), (1) 


where the symbols have the same meaning as on p. 106. In this 

expression the first term on the right-hand side gives the energy of 

the electron in the absence of the field, and this may be written in the 

form 

2m*me! Nhx? 
ie je 


Wyo=- (2) 


where 1 = n, + Ng + Ng, that is to say, 7 is the total quantum num- 
ber. Sommerfeld points out that the same value for the energy is 
obtained when the Kepler motion is quantised in polar co-ordinates 
in the limiting case when the external field is zero, which was briefly 
discussed on p. 316. Wesee, therefore, that in spite of the difference 
in paths the energy is the same, provided that the total quantum 
number is the same (n, + 1, + 13 = 7). 

The second term on the right side of (1) expresses the change of 
energy caused by the electric field, and so we may write 


3h?F 


822me 


AW 


(%_ — 1)(my + ny + Ns) . : ua} 


In order to find the resolution of the lines in the presence of the 
field we apply the Bohr frequency condition 


(A= 


where AW, is the energy change of the initial state and AW, that of 
the final state. If, now, we put 7, 1, nx for the quantum numbers 
of the final state, and ky, ka, ks for the quantum numbers of the initial 
state, we have 


3hE rue 
Ay = Felts — ma) (my + My + 15) — (hy — By) (Py + by + hey) } 
or in wWave-numbers ; | (5) 


- 3hF 
Ay Bp Bonen Me Ny)(ny + Ny 4 Ng) (Rag — Ry) (ky + ky + ra] 


where v is the velocity of light. 

This is the final formula for the Stark effect with atoms of the 
hydrogen type, and it expresses the whole of the experimental results 
obtained by Stark in the case of hydrogen, provided that we apply 
the selection principle and the rule of polarisation (see p. 110). In 
applying this formula it must be noted that the quantum numbers 
i, and My may assume the values 0, 1, 2 ete., whilst the quantum 


Ve tah) 
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number m3 may only assume the values 1, 2, etc., the zero value being 
in this case excluded. 

As was stated on p. 110, the selection principle and the rule of 
polarisation were enunciated in 1918, and were therefore unknown to 
Epstein at the time his theory was published. In applying the rule 
of polarisation, it is to be noted that this is only concerned with the 
quantum number ng and by the principle of selection we have 


ks — 13 = +1 0r0. 


The rule of polarisation states that, in an external field, if 
ky = Ms + I 


a wave is emitted which is circularly polarised with respect to the 
lines of force. When viewed transversely the components due to 
these transitions will appear polarised at right angles to the lines of 
force in the sense defined on p. 418. It might be expected that these 
components would be circularly polarised when viewed longitudinally, 
and this would be the case if only one process of emission were taking 
place. In actual fact, in the case of the hydrogen atom each com- 
ponent owes its origin to two sets of emission, which are equal in 
number and which give rise to left- and right-circular polarisation 
respectively. When viewed longitudinally, therefore, these com- 
ponents appear unpolarised. 
On the other hand, if 
Pit 


the direction of vibration coincides with the direction of the lines of 
force, with the result that when the components which have their 
origin in this transition are viewed transversely, they will be polar- 
ised parallel to the lines of force. When viewed longitudinally, these 
components will be invisible, since no emission takes place in the 
direction of vibration. These deductions agree with the observations 
Nos. 3 and 4 given above. 

Turning once again to equation (5) it is obvious that observations 
7 and 8 at once find their explanation. Thus all the resolutions of 
lines, that is to say, their separations 4v from the original position 
of the line dv = 0, are integral niultiples of a smallest wave-number 
interval— 
__ 3hF 
— 8x?mev 


Axe G (6) 
Further, this smallest wave-number interval, and consequently the 
whole structure of a single resolved Balmer line, are magnified pro- 
portionally to the strength of the field F. | 
In the second place, the symmetry of distribution and polarisation 
of the components with respect to the central undisturbed line is 
expressed by (5). It is obvious that if a particular transition 


Rykgks > NyNgNg 
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is allowed by the selection principle, there is also possible the transition 
Rokykz > NgnyNz. 


These two transitions will give the same values of Av, but in the one 
case Av will be positive and in the other it will be negative. This 
is due to the factor m, — n, which is present in (5). Two components 
will therefore be obtained, symmetrically distributed with respect to 
the central undisturbed line. Since the polarisation is determined 
only by the transition k, > ns, the polarisation of the two components 
will be identical. 

We are indebted to Sommerfeld 1 for the application of Epstein’s 
equation to Stark’s detailed observations of the resolution pictures 
of the four hydrogen lines under the restrictions set by the selection 
principle and the rule of polarisation. He shows that the agreement 
between the number of components calculated from (5) and the 
number actually observed is truly remarkable, and we may follow 
his arguments in detail. It is convenient in calculating the number 
and separation of the components to use the following abbreviations :— 


K= (ky — ky) (Ry + Ry + ks), N= (n,— y)(My + My + Ns), 
Av 


ee eos 


that is to say, D represents the displacement, measured in terms of 
the smallest line-interval C of the component from the original line. 
What we have to do is to consider all the possible transitions 
(Rykgk3 > 2yngn3) subject to the limitations set by the total quantum 
numbers of the orbits, that is to say, the Bohr quantum numbers, 
and by the restriction that neither ks nor 23 can have the value zero. 
It is convenient to subdivide the total number of transitions into the 
{wo groups in which k,= n, (p-components) and Rs == Ny oa 
(s-components), respectively. 

The general formula for the Balmer series, as was shown in Chapter 


I. is 
I I 
y= NZ aah 


where # = 3, 4 5, and 6 for the first four lines. It follows that jn 
each line 2, + n, + “3 = 2, and that k, + k, + k, = 3, 4, 5). and G 


for H., Hg, Hy and Fis, respectively. In the case of H, we have, 
therefore, 


Ry + hey ++ ky = 3, Myf My + my = ZF 


and hence K = 3(k, — 1) iN eee pre Ny). 
Parallel components, kj = 3. Here, of course, ky cannot have 
the value 3, since m3 cannot be larger than 2. Commencing our 


~ 


' Atombau und Spektrallinien, p. 370 


THE STARK EFFECT 463 


enumeration, therefore, with k; = 3 = 2, there are only two transi- 
tions possible, namely, 
kykoks > NyNgns 


102 — 002 
and 
O12 + 002. 
For the first of these K = — 3 and for the second K = 3, whilst 


N= 0 in both cases, and we thus obtain two values of D, namely, 
3 and — 3 respectively. These two transitions give two components 
which lie symmetrically with respect to the original line, and since 
we need only enumerate the transitions which give positive values of 
D, the existence of the component with the same negative D being 
assumed, we tabulate only the first of the two transitions. We next 
have the case kg = mg = 1, in which there are three transitions which 
give positive values of D, namely, 
Rykoks > NyNoNg 

Ill > IOI 

201 > IOI 

201 > OI! 


The above four transitions are the only ones possible under the 
specified limits, and these are collected in Table CCVII. :-— 


TABLE CGVil. 


Ha, p-components (£3 = 7g). 


Rykky —> NNN K N , D 
102 —> 002 —3 fe) 3 
III — Io! fe) —2 2 
201 —> IOI —6 —2 4 
201 —> OII —6 Sima? 8 


In the case of the perpendicular components where k; = nz + I, we 
first take k3= 3 when there isone transition possible, namely 003->002. 
With k, = 2 there are two transitions, 102 > IOI, and 102 >OI1. 
With k, = 1 there are again two transitions, 201 — 002, and III +002. 
These are set fotth in Table CCVIII. :— 


TABLE CCVIII. 


Ha, s-components (£3 = 73 + 1). 


Rykoks —> MyNoNs K N D 
003 —> 002 fe) fe) fe) 
102 —> IOI — 3 —2 I 
102 —> oll —3 + 2 5 
201 —> 002 — 6 oO 6 
III —> 002 fe) oO fe) 


The central line of the resolved picture arises, therefore, in two ways, 
and there are, of course, the same number of components with corre- 
sponding negative values of D, 
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In the diagram of Stark’s resolution of the hydrogen lines given 
in Fig. 45 on p. 432, it will be seen that up to D = 4 observation 
and calculation agree exactly. The calculated lines for which D — ce 
6, and 8 have not been observed, but this is not a serious objection, 
for it may well be that the intensities of these theoretical components 
are so weak that they have escaped observation. Stark’s conviction 
that other components do, in fact, exist has already been mentioned 
Ona pads 1. 

In turning to the other hydrogen lines Hg, H,, and Hs, it must be 
noted that the same limitations are set to the value of kz as in the 
case of H,, this being due to the fact that nz can only have the values 
2 and 1. In Table CCIX. are given the total number of quantum 
transitions which are possible, it again being understood that only 
those giving rise to positive values of D are included. As shown 
previously the corresponding components having the negative values 
of D are obtained by transposing the quantum numbers k, and ky. 


EAB EH AC Clexe 


Hg, p-components (4, = 7,). 


Ayk ks —> 2yN Ms K N D 
202 —> 002 — 8 fe) 8 
II2 —> 002 (o) fe) fe) 
20g Olt = ez ap 14 
20 1On — 12 =2 Io 
PAW) <= Sa one — + 2 6 
201i Or — 4 — 2 2 

Hg, s-components (4, = 3 + I). 

kik k, —> 2yNNs K N D 
103 —> 002 = 4 fo) 4 
202° —> O11 => fe = 2 10 
202 —> Io! = § =e 6 
112 —> o1r fo) +2 2 
211 —> 002 SA fe) 4 
301 — > 002 — 1) fo) 12 

Hy, g-components (4, = Ns). 

Rikoks —> Nyngns K N D 
302 —> 002 — 15 oO 15 
2125 = 002 — 5 fe) 5 
401 —> oll — 20 3% 2> 
401 —> I0I — 20 2 18 
311 +> o11 — 10 + 2 12 
311 —> to1 10 es) 8 
221 —> oll fe) 2h) 2 


1See 4 Intensities of Spectrum Lines,” H. A. Kramers, Kopenhagener Akademie, 
1919, p. 287. 


THE STARK EFFECT 465 


Ily, s-components (4, = 1, + 1). 


kykyks > Nn yny K N D 
203 —> 002 — 10 fo) 10 
113 —> 002 oO fo) O 
302 —> oll — 15 +2 17 
302, => Tor == 03 — 2 13 
212 —> ol! — 5 a5) yi 
212 —> I0I — 5 — 2 3 
401 —> 002 — 20 fo) 20 
311 — oo2 — 10 fo) 10 
221 —> 002 fe) fe) fe) 

H6, ~-components (4, = Ns). 

Aykik, —> nyNyny K N D 
402 —> 002 — 24 fo) 24 
312 —> 002 — 12 fo) 12 
222 —> 002 fo) fe) fe) 
50l — ol! — 30 + 2 32 
501 —> Ior = 30 —2 28 
41l —> oI! — 18 + 2 20 
41l —> Io! — 18 —2 16 
321 —> ol! — 6 +2 8 
321 — = Or = 6 =e) 4 

Hs, s-components (2 72558 1). 

hy kok3 —> Noy K N D 
303 —> 002 — 1s fe) 18 
213 —> 002 — 6 fe) 6 
402" —>iort — 24 +2 26 
402 —> Io! — 24 —2 22 
312 —> oll — 12 + 2 14 
312 —> Io1 — 12 —2 10 
222 —> ol! fe) +2 2 
501 — 002 —= 30 fe) 30 
41l —> 002 — 18 fo) 18 
321, —> 002 = #16) fe) 6 


Reference to Fig. 45 on p. 432 shows that all the theoretical com- 
ponents of Hg have been observed, but there have also been observed 
amongst the p-components D = 4 as a weak line and D= 12 as a 
doubtful line, whilst there have been observed amongst the s-com- 
ponents D=0 as a weak line and D = 68 as doubtful. It is very 
possible that these discrepancies are unreal or due to a secondary 
effect. 

In the cases of both H, and Hs the agreement between calculation 
and observation is absolute. 

It may also be pointed out that only even multiples of D appear 
in both Hg and Hg which is to be expected from the formula, since 
the two total quantum numbers 4 and 2, 6 and 2 are both integral 
multiples of 2. Again, the components observed with Hg are partially 
polarised, whilst the polarisation is complete in the case of the com- 
ponents of the other three lines. This is shown by the theory to be 
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due to the fact that the values of D in the p- and s-series partly over- 
lap, this not being the case with the other three lines. Further, the 
distance between the neighbouring components increases in the 
series H, > Hs. The interval between successive components ts one 
unit with H,, two units with Hg, three or four units with Hy, and 
four units with Hs. 

In conclusion we may consider Epstein’s calculation of the inten- 
sity of the field from the smallest wave-length interval observed by 
Stark with the hydrogen lines. As we have already seen, the smallest 
wave-number interval is given by 


SAK Le ah eee 
~~ Sa2mev  8nre2u m 


If we put h = 65 X 10727, e/m = 5-25 X 1017, e = 4-69 x 10°, 
v = 3 X 10, then, since one electrostatic unit equals 300 volts, 


C= 655% 10-2 <r 


expressed in volts per cm. In order to discuss Stark’s measurements 
this must be expressed in wave-lengths, that is to say, 


AX == 6°55 10? ae 


Now, in the case of H, Stark found the smallest separation to be 
2-7 A., which Table CCIX. shows to be twice the fundamental interval. 
We thus have 


— 1:35 10° 
~~ 6°55 K 102% (473405 X10 97 
= 109,400 volts per cm. 


Again, in the case of Hg the fundamental interval is 1-2 A., whence 
we have 
1-200 102° 
65590 105 XK U4IOIy Ke Fe)? 
= 108,900 volts per cm. 


Not only are these two values of I in excellent agreement, but they 
also are very near to the value measured by Stark, namely 104,000. 
The difference between observation and calculation is only § per cent., 
which is small when the accuracy of measurement of the wave-length 
interval is considered. This agreement, together with the quantita- 
tive data as regards the spacing of the components, justifies Sommer- 
feld’s statement that the theory of the Stark effect is one of the most 
striking achievements of the quantum theory in physics. 

In the foregoing brief account of Epstein’s explanation of the 
Stark effect only the terms of the first order have been taken into 
account, and the difference between these gives values of Mv which 
are sufficiently accurate for all ordinary purposes. Epstein also 
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calculated the second order terms, and we may discuss their magni- 
tude, since Sommerfeld! pointed out that their difference explains 
the shift in position of the central s-component of H, in very strong 
fields, which was observed by Takamine and Kokubu, and referred 
to above on p. 433. Epstein ? calculated by Sommerfeld’s complex 
integration method the second order wave-number difference, and 
showed that it is given by 


EN ereeiliat) iT oa wan 2 ys 


where 


a lie 25 ( Maret \2 0 ( ee 
allt) = (rs + Ma + Ms) l ae + Ng + @) 17 \My + Mg++ 3) |’ 
and ,(k) is the same, except for the substitution of the initial k orbits 
for the final n orbits. ; 

As shown above on p, 465, the central s-component of Hy is given 
by the two transitions 


II3 + 002 and 221 + 002, 


For these the value of the first order difference 4,v = 0, and 
consequently we would expect the compound to have the same wave- 
number as that of the original line. The second order differences, 
$o() — 4,(k), on the other hand, for the above transitions are 


Agv = 2%(1 — wr) = 5%(1 — 3% X a) = — 1-3 x TOF 
and 2°(1 — a'r) — 5%(1 — a X ge) = — 15 X 104, 


and the mean of the two is — I4 X 104, 

Now the displacement of the middle component of H, observed 
by Takamine and Kokubu was + 1 A., and in order to compare the 
calculated value it must be expressed in wave-lengths. We must 
therefore multiply the above difference by the factor contained in 
equation (9) and by AX, We thus have 


AA = 8-72 xX 10718 x 1-4 x IOt xX AX F2 


and when A= 4:3 x 107-5 cm. and F= I-3 X 10° volts per cm. 
(which was the field strength employed), 


ee 7 |) 


This value is decidedly smaller than the observed value of +1A. 
In the same strength of field the separation between the first 
pair of s-components was found by Takamine and Kokubu to be 
5:25 A., whereas the first order difference between these two (transition 
212 —> 101) is found from equation (5) to be 4-6 A. The second order 
correction is eliminated by taking the difference between the two 


* Ann. der Phys., 65) 36 (1921). * Lbid., 51, 184 (1916), 
30 * 
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components, and consequently it would seem that the field strength 
was probably 1-3 xX 10° X 5-25/4-6 volts per cm. The second order 
effect, therefore, in (8) may be multiplied by (5-25/4°6)®, since equation 
(7) contains the term F2. We thus have for the second order shift 
of the middle component 


AX Sees A) 5. 22 eee 


Professor Takamine, in reply to Professor Sommerfeld, said that 
a careful re-measurement of his photograph found that the displace- 
ment was probably nearer to 0:8 or 0:7 A. than 1:°0A. The still 
remaining difference between observation and calculation has yet to 
be explained. 

The displacement of the central component towards the longer 
wave-lengths has also been noted in the case of H,., and indeed it 
should occur in all the hydrogen lines for which m is odd, 2.e. H,, by 
H., etc. In the case of Ha, equation (7) shows that the displace- 
ment will be very small, 0-02 A., and in the case of He. (7/58 == 95 
times as great as in Hy). 

It is obvious that the pairs of p- and s-components must also be 
displaced by an amount which equation (7) shows is of the same 
order as that of the central component. In view of this Takamine 
re-determined the distances of the two s-components from the position 
of the original undisturbed line H, and found these to be 4°5 A. and 
6-0 A. respectively. The mean of these is 5-25, which is the value 
used above in the re-calculation of the field strength. The position 
of the two components is thus quite unsymmetrical with respect to 
the undisplaced line, and this is due to the fact that both components 
have been displaced by + 0-75 A. 

The second order displacement of these two components is there- 
fore + 0-75 A., and this is equal to the newly observed value of the 
displacement of the central s-component mentioned above. This 
agreement is to be expected from equation (7). 

It must, of course, not be forgotten that the Doppler effect might 
cause a shift of the lines. Takamine, however, considers that under 
his experimental conditions the Doppler effect would not be observed, 
and, further, the absence of any marked displacement of H, argues 
against the presence of any Doppler effect. It would, therefore, seem 
to be well established that Takamine and Kokubu’s observations 
afford at least a qualitative proof of the correctness of Epstein’s 
formula. 


CHAPTER IV. . 
EMISSION BAND SPECTRA. 


In the first three chapters of this volume we have dealt with the 
spectral phenomena associated with matter in the atomic state, that 
is to say, the emission or absorption of spectrum lines, which, in the 
case of any individual element, form members of one or more series. 
There remain to be considered the spectral phenomena associated 
with molecules, phenomena which exhibit considerable variety in 
their manifestation. We have, on the one hand, the two pheno- 
mena of emission and absorption spectra which in the case of mole- 
cules do not appear to be as closely related as we have already found 
them to be in the case of elementary atoms. Then again, molecular 
emission spectra may be subdivided into two classes, namely, the 
spectra of gaseous molecules and the phenomena of fluorescence and 
phosphorescence which, in the main, are associated with the liquid 
and solid states. 

The magnitude of the subject makes it impossible to discuss the 
whole within the confines of a single chapter. The subjects of fluor- 
escence and phosphorescence have already been dealt with in Vol. IL, 
Chapter IV., and there remain molecular emission and absorption 
spectra. Although the theoretical explanation of the former has 
been applied to a limited number of cases of the latter it is preferable 
to discuss the two separately. Absorption spectra have long formed 
a special field of investigation which has a peculiar interest of its 
own in view of the close relationship it bears with the phenomena 
of photo-chemistry and of chemical reaction and reactivity in general. 

It is proposed in this chapter to deal solely with the emission 
spectra of gaseous molecules, and the heading of the chapter is justified 
by the fact that in general these spectra are of the type known as 
band spectra. By the term band spectrum is meant a fluted spectrum, 
or channelled space spectrum, which under greater resolving power is 
resolved into groups of fine lines. These lines always get closer 
together towards the long or short wave-lengths, until they run to- 
gether to a single line, which is called the head. A single band thus 
consists of a single line or head, from which there start one or more 
series of lines, which become more and more separated the further 
they are away from the head. A number of these heads with their 
attendant series form a single band group, and the complete band 
spectrum exhibited by a substance may contain several band groups, 

409 
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Such banded spectra are given by nitrogen and water vapour when 
excited by the electric discharge under reduced pressure. Many 
others are known, such, for instance, as the cyanogen bands and the 
several band spectra of the oxides of carbon. 

There is no need to enter into details as to these spectra except 
as regards their structure. For our knowledge of this structure we 
are indebted to Deslandres, whose work is of fundamental importance. 
Just as Balmer’s work on.the series of hydrogen lines was the founda- 
tion of all later work on spectral series, so does Deslandres’ work stand 
in relation to all subsequent investigations of the structure of band 
spectra. From the consideration of a great number of experimental 
data of measurement Deslandres was able to formulate two laws 
which will always be known under his name. 

The first fact discovered by Deslandres concerns the lines which 
spring from a single head, and he showed that these lines form series. 
Each series is of such a.type that the differences in the wave-numbers 
of consecutive lines form an arithmetical series. More than one 
such series can proceed from each head and in any one band spectrum 
originating from one particular substance all the bands resemble one 
another and comprise the same number of series all arranged in the 
same way. This is known as Deslandres’ first law. 

A band spectrum thus consists of repetitions of similar groups of 
lines, é.g. pairs, triplets, quartets, etc., and Deslandres attributes the 
number and distribution of the lines in the groups to the number and 
distributions of the atoms in the vibrating molecule. It is to be noted’ 
that this regular distribution of the lines may be upset to a small 
extent by certain irregularities and disturbances. 

Turning now to the heads of the bands which together form a 
group, these again are regularly distributed in a manner similar to 
the lines in each series. The wave-number differences between succes- 
sive band heads in each group form an arithmetical series, but the 
arrangement of the heads is reversed with reference to that of the 
lines forming each band. If the bands themselves are degraded 
towards the short wave-lengths, that is to say, if the heads are on 
the long wave side of the line series, then the heads form sub-groups 
which are degraded towards the long wave-lengths. 

Two further points of interest may be noted: first, that if we 
examine the successive sub-groups of a band spectrum in the direc- 
tion in which the bands are degraded, it will be found that usually 
the number of bands in each sub-group is one less than in the previous 
sub-group ;_ the second point is that whilst the head of each band is 
the brightest line in the band, the opposite is the case with the heads 
of the bands forming one sub-group, since, counting from the opposite 


end of the spectrum from the one to which the bands are degraded, 


#) * Compt. Rend., 100, 1259 (1885); 103, 375 (1886) ; 104, 972 (1888); 112, 
661 (1891) ; 134, 747 (1902); 138, 317 (1904); Ann. Chim. Phys., 15) 5 (1888) ; 
Journ, de Phys., 10, 276 (1891). ; 
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the first head is the brightest in each sub-group, the second one next 
brightest, and so on. 

The arrangement of the heads in a group of bands, so that they 
form a series, with successive wave-number differences in arith- 
metical progression, is known as Deslandres’ second law. 

We may consider these laws of Deslandres more fully. The 
several series of lines forming each band are so arranged that the 
frequency differences between successive lines form an arithmetical 
series. Deslandres pointed this out first for the band with its head 
at 3914-6 in the negative pole spectrum of nitrogen, that is to say, 
the band spectrum emitted by the cathode glow in a vacuum tube 
containing nitrogen. Such a series of lines can be expressed by a 
formula of the type 

= A+ bn? 
where 7 is a series of positive integers, I, 2, 3, etc. 

In the case of the band with its head at 3914-6, it can be very 

closely expressed by the formula 


5 = 255-454 + 0:0015335(0 — 1), 


as is shown by Table CCX. :— 


TABLE COX. 


ee eg one = observed. = calculated. Differences. 
se) 255°454 255°454 0*000 
10 255°578 255°578 0000 
15 255°758 255°755 + 07003 
23 256°197 256°196 + 0-001 
31 256-832 256°834 — 0002 
39 257°672 257°668 +- 0-004 
47 258-692 258°699 — 0'007 
55 259°910 2597920 — o'o1o 
63 261°308 201°349 — o04I 


Kayser and Runge? proved this law also in the case of the great 
cyanogen band at A = 3883:55; they have shown, moreover, that the 
law is not accurate when the series is exceptionally long, as, for 
example, in the case of this band. The results are shownin TableCCNL.,, 
in which the wave-lengths are given :— 


1 Ahhand, Berl. Akad. (1889). 
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TABLE, CEXd, 


Calculated by Calculated by 
n A observed. Deslandres’ Differences. Kayser and 
: formula. Runge. 
fo) 3883°55 3883'55 0°00 3883-48 
10 3882:50 3882:51 O01 3882-10 
20 387936 3879°41 = 9:05 3879°30 
30 3874°16 3874°25 = 0:09 387413 
40 3860:95 3867-04 — 0:09 3866-96 
50 3857°82 3857°82 + 0-00 3857-83 
60 3846-79 3846°61 + 018 3846:81 
70 383393 3833°44 + 0°49 3833°95 
80 3819°36 3818-35 = On 3819°37 
90 3803°16 3801-40 S70 380317 
100 378542 3782°63 1° 279 3785°43 
110 3766:39 3762'10 = 420 3766:36 
120 374615 3739°87 + 6-28 374011 
130 3724°91 3716-00 oon 3724°90 
140 3702'92 3690°56 + 12°36 370207 
150 3680°51 3663°62 + 16:89 3680°58 
160 3658-05 3635°25 + 22:80 3658-05 


The formula used for the third column was 
= 257496 + 0:0687n?. 


The figures in the fifth column were obtained by Kayser and 
Runge with a pure interpolation formula, 


i= a+ bee sin (dn)?. 

The Deslandres formula gives excellent results up to the seventieth 
line, but after that the intervals decrease rapidly in relation to the 
series. : 

Deslandres also pointed out that when there are more than one 
series in a band, these series are identical, and may be obtained one 
from the other by simple addition or subtraction of a constant ; each 
series differs only in the value of the constant A. 

Turning now to the second law of Deslandres, we have exactly 
the same arrangement of the heads of the bands in a group ! as in the 
case of the lines in each band. Each group contains several series of 
heads of bands; each series is so arranged that the intervals between 
the frequencies of successive heads form an arithmetical progression, 
and, further, all the series in each group are exactly similar, and may 
be obtained one from the other by adding or subtracting a constant. 
This was first proved by Deslandres in the case of the second group 


* By a group of bands Deslandres defined the whole set of bands the heads of 
which form associated series ; such groups contain sub-groupings, in which the 
heads of bands are arranged very similarly to the lines in each band, but in the 
reversed sense, as already explained, 
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of the positive nitrogen spectrum (A 5000 — A 2800). The heads of 
bands in one series can, therefore, be expressed by a formula of the 
same type as in the case of the line series— 

I 


ae 2 
yo Ur Bat. 


The five series in the second group of the nitrogen spectrum may 
be quoted, and are set forth in Table CCXII. :— 


TABLE CCXII. 


Series 1, Series 2. Series 3. Series 4. Series 5. Bathe 
= == — 1837251 201045 
14°136 
a = = 197°360 215°179 
14°428 
— _- 193°162 211-792 229°578 
14°719 
— 188-372 207°770 226°517 244°279 
15-010 
— 203'°388 222°787 2417518 259°316 
15°302 
198-776 218-685 238-080 2567837 274°664 
15°593 
214°352 234°256 253°714 272°444 290°247 
15°885 
230°247 250°117 269°587 288-337 306'077 
16°176 
246°374 266° 350 285°791 304°492 322247 
16°468 
262°872 282°831 302230 320°946 338°707 
16°759 
279°636 299°569 318-990 337°723 355°479 
17051 
296°664 316°628 336°020 354°772 — 


The mean difference between series I and 2 is 19-9307, between 
series 2 and 3 is 19:419, between series 3 and 4 is 18-7247, and between 
series 4 and 5 is 17:782. 

The differences between the consecutive terms are given in the 
last column; they form, as can at once be seen, an arithmetical series. 
The five series are, therefore, absolutely similarly constituted, and 
only differ from one another by a constant amount in each case. 

Cuthbertson! was the first to point out that the first group in 
the positive spectrum of nitrogen could be arranged in the same way ; 
he arranged the heads of the bands in thirteen series, some of which 
contain only two members. 

This table may be given on account of the interesting way in which 
it confirms Deslandres’ law (Table CCXIII.) :— 


1 Phil. Mag, 3, 348 (1902). 
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All the bands except 163-19 and 164-74 conform to this scheme 
very well; one band, 183-73, is used twice. Cuthbertson pointed out 
that the last member of the thirteenth series, 195-02, is consecutive 
to the last member of the first series. 

Deslandres* showed that if fifteen series were adopted in place 
of the thirteen which Cuthbertson recognises, then the two heads at 
163-19 and 164-74 at once conform to the scheme, as well as a new 
head measured by Thalen at 147-29. Further, it is interesting to note 
that in addition to the fact that the intervals between the horizontal 
rows form an arithmetical series, the intervals between the vertical 
columns also form an arithmetical series, which Deslandres has called 
the second progression. 

Now, it has been shown that both the heads of the bands and the 
lines in the bands can be expressed by formule of the type 


5 = A + Bn?. 
The two formule can be united into one— 
. — Amt Bre G. 


Deslandres calculated back by means of this formula to the origins 
of the five series in the second group of the nitrogen spectrum given 
above; he then found that the squares of the numbers so obtained 
formed a series, the intervals between the terms of which formed an 
arithmetic series. The term C can therefore be replaced by W/Cp? + y, 
where p is a series of integers. Again, the term A is not a constant 
for all the series ; it appears to be a simple function of the parameters 
n? and p? which define the originating line of the band. Deslandres 
thus arrives at the general formula 


I 


5 = flo, p?) x m+ Bn? + $(0%), 


m*, n®, p? being the squares of successive whole numbers, B a constant, 
and fand ¢ special functions to be determined. In general the varia- 
tions of m give the rays of one band, and those of 2 and p the heads 
of the different bands. By means of this formula the heads of the 
bands given by Cuthbertson and set forth in Table CCXIIL. can be 
calculated as follows : 


30°319 
8 


: 29°363 
=== 22755: — a ~—— 
7°5 


(2n)?+ 3 (2p + 1)? 


The agreement between calculated and observed values is very good, 
as shown in Table CCXIV. :— 


1Comptes Rendus, 134, 747 (1903). 
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TABLE COxdve 


nN. p. Calculated. Observed. Differences, 
8 14737°3 14729 eT Org 
= 48 16329'0 16319 —10'0 
52 47 14919°6 14915 = 6) 
51 47 164810 16474 = 7-0 
51 46 15100°9 15096 — 4:9 
50 46 16632°0 10627 — 5:0 
49 46 18132°8 18129 — 33 
48 40 19603°2 19607 + 38 
50 45 15281°3 15278 Se 
49 45 16782°1 16779 gal 
48 45 18252°5 18251 — 15 
49 44 1§460°8 15458 = 28 
48 44 16931°2 16391 — 02 
47 44 18371-9 18373 dd 
46 44 197811 19782 + 09 
45 44 217606 21168 + 7:4 
48 43 15639'2 15637 = Be 
47 43 17079°4 17080 + 06 
46 43 18489:2 18491 + 18 
45 43 19868-6 19872 a 374 
44 43 212178 21225 + 7:2 
47 42 15816°7 15815 — 17 
46 42 17226'6 17228 + 14 
45 42 18606°7 IS61I + 493 
46 41 15993°5 15991 = =2°3 
45 41 17372'8 17375 + 2:2 
44 4I 18722'0 18726 + 4:0 
45 40 16168-9 16165 — 39 
44 40 175181 17519 + 09 
43 40 18836:9 18842 + 5:1 
43 39 17662°4 17665 kaG 
42 39 18950°9 18955 + 471 
42 38 17805'8 17808 + 2-2 
41 38 190640 19067 + 3-0 
41 37 17948°2 17951 + 28 
40 37 IQI76"1 19178 + 19 
40 36 18089°7 18093 + 33 
39 36 19287°3 19286 — 13 
39 35 18230:2 18232 + 1:8 
38 35 19397°5 19395 — 25 
38 34 18369°8 18373 + 372 
37 34 19506°7 19502 eae 


Deslandres has also investigated very fully the series of lines in 


the band with head at A = 3577 in the second 


spectrum. He finds that there are six series of 


taining pairs. They can all be expressed by the 


I p\> ; 
) A(m +- + C, 


group of the nitrogen 


lines, one series con- 
formula 
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Thus 

‘ I 
Series I: = 27946-046 + 0:1967023(m +1 2)*, 
and so on. 


More recently Deslandres! has published the results of further 
work , and he gives reasons which led him to modify his general 
formula. In the equation given above 


5 = Sin, p®) x m? + Bn? + $10"), 


he previously believed that 4(p?) was sometimes a polynomial of the 
second degree, and this he now finds to be general. The wave-numbers 
of the heads of the bands are given by the difference of two terms, each 
of which represents the sum of the terms of an arithmetical progres- 
sion. He therefore expressed the heads of the bands by 


TP pt Se+rFt K.-H) 


and the lines of the whole band by 


2 aye 
LWP) mt att Bint BP Glo+yk+K 2) 
where B, C, K, a, f, and y are constants. 

Whilst he finds that satisfactory results are obtained by this 
formula, it is not sufficiently general, since it does not include the 
limiting cases when the argument of the progressions is zero. The 
lines then form series of constant frequency difference, a simple struc- 
ture that is observed in many absorption spectra, such, for instance, 
as that of sulphur dioxide in the ultra-violet. Moreover, the value 
of a is not always constant as he first believed. For these reasons he 
gives an improved formula which expresses all emission and absorption 
spectra— 


+= +| 10P! x m+ f(np) X m | Button |-[ 5% Ge [4K (3) 
where m, , p have successive integral values, positive and negative, 
B, C, K, &, and c, are constants, and f, and f, are simple functions. 
The variations in 7 and p give the heads of the different bands and the 
variations in m give the lines which compose the band. 

A band spectrum is not to be represented by a single formula, 
but by several formule of the type (2), for in general each band com- 
prises several series of lines which form arithmetical progressions. 
Bands of the same origin have the same number of line series arranged 
in the same Way. 

Many bands exhibit an interval in their degraded portion, due to 


is) 


1Compt. Rend., 168, 861, 1179 (1918) ; 169, 593, 745, 1365 (1919). 
* Baly and Garrett, PAt/. Mag, 31, 505 (1916). 
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a weak or zero intensity of one or more lines of the series. If the 
central line of the interval be taken as the line 0, the function Aap) 
becomes constant and may be designated as a,. This phenomenon 
of zero intensity will be discussed from the theoretical standpoint in 
the next section. Deslandres shows that it is possible with his formula 
to represent all bands in terms of their zero lines, and that it is easier 
in this way to show the correlation with the infra-red region. Thus 
the absorption spectrum of oxygen consists of two infra-red bands 
with centres at A= 4-5u and 3-2, together with bands in the red 
and yellow which have been resolved into lines. The lines in each 
of the latter bands have been arranged by Gyllenskéld ! in four arith- 
metical series, and Deslandres shows that the 47 lines and the centres 
of the infra-red bands are expressed by the following formula :— 
== = x m? — 5-88m + 1062:54n — 14-112p? + 1447-17, 

where m varies from 0 to 12, is 2 and 3 for the infra-red and 11 for 
the visible, p varies from 1 to 5, and the function fi is equal to 0-2252 
+ O-146p. 

In a later paper Deslandres Says that in taking the zero line as 
the origin, one is really using a fictitious line, and that better purpose 
is served at times by taking as origin a real line which is definitely 
characteristic of the spectrum. If the line of origin is taken in the 
most intense band, it becomes easier to compare together band 
Spectra amongst themselves and with those of other elements. The 
constant K will now represent the frequency of the band maxima, 
and this at once allows the infra-red bands to be correlated, since at 
present many of these have not been fully resolved. 

In comparing together the frequencies of the maxima in all the 
band spectra of nitrogen, carbon, and oxygen, both emission and 
absorption, Deslandres has noted a striking relationship, namely, that 
all these frequencies seem to be multiples of a single fundamental 
frequency which, expressed in wave-numbers, has the value 1062°5. 
The values are given in Table CCXV., where the wave-numbers are 
expressed as multiples of the fundamental unit d-— 


TABLE CCXY. 
WAVE-NUMBERS OF BANDS OF Maximum InTensiry. 


Nitrogen, 

Infra-red Band : : : 1075 = @ + 12:5 ammonia absorption. 
First Positive Group ‘ » 9430 = 9d — 132°5 nitrogen emission. 

” ” ° * 14990 = 14d Sia el: »”» ” 
Second Positive Group. - 29666 = 28d — 86 ‘ 5 
Negative Group. F - 25546 = 24d + 46 . a 
Ist Cyanogen Group : » 17025) 16g a2 cyanogen emission. 
2n sy ae : » 25743 = 24d + 243 nitrogen emission. 
Ist Phosphorescent Group » 329040 = 31d — ae 4 “ 
2nd 6 ” + 39192 = 37d — T20°5 ” ” 
Ammonia : : : - 29755 = 282+ 5 ammonia 


> 


Mean of the squares, 89. 


* Acad. Stockholm, Mem., 42, No. 8. 
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Carbon. 
Infra-red Band 2105 = 2d — 20 carbon monoxide emission. 


3021 = 3d — 166'5 methane absorption. 


2? ” 


” ” 324 3d “59:5, acetylene ” 

es : 4250 = 4¢2 + oO methane 5 
Ist Positive Group .« 19355 = 18d + 230 carbon monoxide emission. 
2nd ” ” 19275 = 18d +- 150 ”? ” ” 
3rd ” ” : C - 31905 = 30d a 30) ” ” ” 
4th ” ” . 2 > 1 53234 = Sod + 109 ” »”> ” 
» ” ” c * ° 55218 aa 52d Se ” ” ” 
Negative group 41380 = 39d — 57 4 oh 33 


Mean of the squares, So. 


Infra-red Band 


Mean of the squares, 70. 


Infra-red 


Bands, 


Oxygen. 
Infra-red Band 2125 = 2¢+4 0 oxygen absorption. 
i i s, 2125 = 2¢2-+ oO water “ 

i rt 3268 = 3d + 80°5 oxygen - 

» ” 5260 = 5@ — 52:5 water ” 

” ” 8570 = 8d + 7o ” ” 

” ” 10600 = 10d — 25 ” ” 
Visible Band 15924 = 15d — 13 oxygen 5s 
Rain Band 16890 = 16d — 110. water 
Visible Band 17286 = 16d + 286 liquid oxygen absorption. 
Ozone . : 16878 = 16d — 122 ozone absorption. 
Negative Grou 19029 = 18d — 96 oxygen emission. 
Ozone 30893 = 29¢ — 83 ozone absorption. 

” 31875 = 30d re Bo ” ” 


1640 = 3d — 47°5 water absorption. 


3 r 
"5 es 1590 = 5@ — 35 ammonia ,, 
2 
2 p> 
na 5 698 = a — 10 water os 
2 
e Pe 723 = 37 + 15 acetylene ,, 
5 
vices = ¢ 
x Y 1205 4a 30 methane ,, 
5 
= . 1322 = rid — 6 acetylene ,, 
73 = 37 —16 ammonia : 
>? 9 4 > 
4 
> a LL 
” ” 554 ‘ec 57 | 4 ” ” 
; 4 
2 y oY 
if af 861 = 52 + Il water “5 


In the latter portion of Table CCXV. are given nine infra-red bands 
for which it is necessary to take fractional parts of the fundamental 
value 1062°5. 

This relationship is similar to that previously found in the case 
of absorption spectra maxima. It must be remarked, however, that 


the differences found are in some cases very great in view of the 
known accuracy of measurement of emission band spectra. 

Then again, the fact that in the case of some infra-red bands it 
is necessary to express the frequencies in terms of sub-multiples of 
the constant 1062-5 is not satisfactory, especially as in some cases 
1062°5/4 is used, and in others 1062°5/5. This would mean that the 
true fundamental is 1062-5/20 = 53-1, which is too small to justify 
any conclusions as to the existence of integral multiples. 

The Theory of Band Spectra.—A theoretical interpretation of the 
Deslandres laws was first given by Schwarzschild! on the basis of 
the energy quantum theory, and this has since been extended 
and amplified by Heurlinger? and by Lenz.? In 1912 Bjerrum #4 
put forward the view that infra-red absorption bands exhibited by 
compound molecules are due to the rotations of the molecules, the 
various lines being due to different rotational states. By applying 
the quantum theory to the energy of the rotating molecules he found 
that the frequency difference corresponding to two rotational states 
is given by 

h 
7A v= an’ 
where I is the moment of inertia. This view, however, was developed 
before Bohr had published his theory. 

Schwarzschild started from a similar point of view and considered 
the rotation of a mass around its centre of gravity. He showed that 
the kinetic energy is given by 


E = Fp? + Gr’), 


where F is the moment of inertia about the axis of rotation, G is that 
about an equatorial axis, and p and r are the velocities of rotation. 
Then, if a, and a, are the moments of momentum, the quantum 
conditions of the rotations are given by 


it 


a; = —m, and a=—m 
es ee Sie ea 


where m, and mg are integers. The values of the kinetic energy are 


therefore 
h? | (m, + m,)2 I I i 
: zal ; F : | iG nym? |. 


If the moments of inertia are equal to one another and we put 


F = G = I, then we have for the kinetic energy 
h2 5 
ho ae de —— (Oy We a2 


1 Preuss. Akad. Wiss., Sitzungsber. (1916), 548. 

* Phys. Zett., 20, 188 (1919); Zezt. Wess. Phot., 18, 241 (1910). 
° Deutsch. Phys. Ges, Verh., 31, 632 (1919). 

* Nernst Festschrift (1912), go, 
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Schwarzschild applied this to band spectra and considered a rotating 
molecule, the electrons exerting no opposing influence on the rotation. 
If, then, Ey is the energy due to the electrons in a particular state of 
the molecule the total kinetic energy of the system will be 
2 
E sym. 
ot ay il 


The total energy of another molecular state will be given by 
ue 

/ nel OY 3 
Ey + Baa] 

By the Bohr theory the frequency of the radiation emitted in the 
change from one state to the other will be 

E, — E,’ h : 
=-? h 8 + gay (n® — m a) : ~ & 


If m has a series of integral values a series of lines degraded towards 
the violet will be obtained, 


vy=A-+ Bm? ‘ : : <> ha) 
If m’ varies the series will be degraded towards the red. 

This at once gives the physical significance of the Deslandres 
term Bm?, since B = h/8771, where I is the moment of inertia. It 
will be noted that Schwarzschild arrived at this very important 
result by quantising the moment of momentum, whereas Bjerrum 
quantised the energy of the molecules. 

Soon after the publication of Schwarzschild’s paper Heurlinger 4 
deduced the following general result from the application of the above 
formula to the case of a diatomic molecule. Each molecular state is 
characterised by three quantum numbers, m, ”, and ,, where m refers 
to the rotation of the molecule, ” to the linear oscillation of the atoms 
along the principal axis, and m, to the electrons. The energy of a 
particular state, divided by the Planck constant, can be expressed 
by ¢(m, n, n,) and the frequency of the radiation emitted in the 
change from one molecular state to another will be given by 


v= d(m, n, n,) — o(m', n', n’,); 
we have therefore 
v = [d(m, n, ny) — (mm, n’, ny')] + [b(m, 2’, 2’;) — Yim’, n', n’))] (3) 
According to a general law enunciated by Bohr, the value of the 
difference in the last bracket approximates to (m — m’)w, where w is 


: : 4 ; 
the rotational frequency, if | m—m’'|<<m. Since m—m’ can 
only have the values 0 or + 1, there will, in general, result three possible 


series of lines— 
v, = F(m) — f(m — ») 
Vy = F(m) — f(m) ; = 4 
Vg = F(m) — flm+ I 
1 Dissertation, Lund, 1918; Phys. Zettsch., 20, 188 (1919) ; LZettsch. fiir 


Phys., 1, 84 (1920). 
VOI 312 31 
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Of these either vg or v, and vz may be absent. It follows from (4) 


that 
v(m) — vg(m) = (m+ 1)—v,(m+1) . ot SN 


Heurlinger calls these the P, Q, and R series, specifically identifying 
the Q series with the transition 4m = o. 

We are indebted to Kratzer for a series of papers in which he 
developed the theory of band spectra in a remarkable way. In dis- 
cussing Kratzer’s treatment let us first consider the simplest case of a 
diatomic molecule consisting of two nuclei, the electronic systems of 
which have a negligible mass. In speaking of the rotations of a 
molecule, these take place around an axis which is perpendicular to 
the line joining the two nuclei, rotation round the central line not 
being considered from the quantum point of view. At the same 
time it must be remembered that the two nuclei must exist in a posi- 
tion of equilibrium with respect to one another depending on their 
mutual repulsion and the electronic attractions. The nuclei may be 
displaced from their equilibrium position by the effect of collisions 
or any other cause which results in the gain or loss of energy by the 
system. In short, we must take into account the fact that the mole- 
cule can oscillate as well as rotate, and that both motions can be 
quantised. This had already been accepted by Heurlinger, the 
quantum number x in formula (3) being used in this sense. 

Kratzer ! first of all treats the problem on the basis that the oscil- 
lation is harmonic and that the two, rotation and oscillation, have 
no mutual influence, and discusses band spectra in the infra-red. As 
regards the rotation frequencies due to transitions in the rotational 
state we have already seen that the energy is given by 


ae 
821"? 


and that the frequency emitted during the transition from one rota- 


tional state to another (no change occurring in the oscillational state) 
is given by 


E = 


h - 
v= gna Zoe m?) . ; 5 5 (6) 


where m’ is the initial and m the final quantum number. Schwarz- 
schild, however, was unaware of the selection principle, and assumed 
any change in the value of m to be possible. We now know that the 
change in the value of m is restricted to dm — ++I (the transition 
Am = 0 will be dealt with later). If in (6) we put m’ = m+ 1 for- 
emission spectra we have 


h 2 
v= sail(m + 1)? — m?] 


= B(2m + 1) 4 


‘ Zettsch, fiir Phys., 3, 289 (1920), 
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If m’ = m— 1 negative wave-numbers will be obtained and will 
only be obtained in absorption. 

The formula (7) is that expressing a true rotation band spectrum 
and, as can be seen, it leads to a series of equidistant lines, the separa- 
tion being given by 


Ay=2B=— 2 8) 


On the assumption that the oscillation or vibration is harmonic, the 
energy is given by nhvy and the wave-number due to a change in 
vibrational state is 


v=(n'—n)vyy : : ; s {9} 


where, again, the transition in x is restricted to dn = +41. 

Kratzer points out that a change in the vibrational state without 
change in the rotational state is not to be expected, whilst change in 
the latter only or in both simultaneously is possible. When transi- 
tion occurs in both the quantum numbers m and 7 the general formula 
will be 


v= (n' —n)vg + s(n” — m*) ; . (10) 


Owing to the relatively large value of vg it is only possible that 
nm’ =n-+- 1, since n’ =n —1 will lead to negative wave-numbers. 
For the same reason we may now put m’ = m-- 1, and the formula 
becomes 


v= v> 4 EA oe 1)? — m?| 
=votBit-2m+1) . : ; r7 5 


To this type of spectrum Kratzer gave the name of rotation-vibration 
spectrum, and here again the separation of the lines is given by 


Av = 2B. 


It will be noted that in a pure rotation spectrum formula (7) shows 
that there will be only one series of equidistant lines, and that we 
put m’ = m + I in emission spectra, and m’ = m — 1 in absorption 
spectra. In a rotation-vibration spectrum, according to (11), there 
will be two branches, positive and negative, according to whether 
m'=m-+ 1 or m—tI. Rotation spectra are believed to occur in 
the long wave infra-red (A = 2004 — 50u), whilst the rotation- 
vibration bands occur in the short wave infra-red (A = 20u — Ip). 

Kratzer applies his formula (11) to the absorption band of hydrogen 
chloride, which was very accurately measured by Imes? with the 
help of a grating. The distribution of the individual lines is shown 
in Fig. 56, in which the percentage of absorption is expressed on the 
ordinates, and the wave-lengths on the abscisse. This absorption 


1 Astrophys. Journ., 50, 251 (1919). 
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band exhibits two very remarkable characteristics which are also 
shown by the corresponding absorption bands of HF and HBr which 
were observed by Imes. The first point to be noted is the pronounced 
gap in the centre of the band, a phenomenon which had been pre- 
viously noted by several observers and had Jed them to believe that 
this and other similar bands were double. The general structure of 
the band as regards the distribution of intensities of the sub-groups 
would seem to indicate that this gap is really the centre of the band. 
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We are justified, therefore, in considering that this position of zero 
intensity is given from (11) by 


v= v,+B, : . —{F2) 


that is to say, the position corresponds to the value m = o. 

The position thus does not coincide with the nuclear vibration 
vo, but differs from it by one-half of the distance 2B between two 
consecutive sub-groups. We can, therefore, represent the transitions 


Wet ce eae 


334 2-3 1>2 


° 


1 10 2>1 3>2 4-3 
FIG. 57. 


in m by the scheme? shown in Fig. 57, in which owing to the phe- 
nomenon being one of absorption we have m’ = m — 1. 

This, however, raises a difficulty, since the absence of the line at Vo 
indicates that the molecule is in the rotationless state either not at 
all, or very rarely, or only for a very short period of time. According 


= this scheme differs from that published by Kratzer in his original paper, and 
is that given in Sommerfeld’s Atombau und Spektrallinien, 4te Auflage, Chap. Ix 
which was written in collaboration with Kratzer, 


— si 2s pee 


ee ee ee 
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to Kratzer! the difficulty disappears if m is not given integral values 
I, 2, 3, etc., but half values $, 3, 3, etc., and the justification 
for this need not be discussed here. It must be pointed out that 
the transitions in m are still integral, that is to say, m—>m + Laehe 
only difference in the Kratzer scheme is that the values of m are not 
integral, the difference between any two consecutive values of m 


being +1. The transitions of m in the HCl band now become as 


B-2 $-$ 1-8 bh £2 TS 


Fic. 58. 


NIN 


shown in Fig. 58. According to this arrangement the zero line is the 
actual value of vp. 

The second point of interest in connection with this band is the 
fact that the frequency difference between the consecutive sub-groups 
is not a constant (as equation (11) would lead us to expect), but in- 
creases towards the longer wave-lengths. The magnitude of this 
departure from constancy is shown in Table CCXVI., which was given 
by Imes :— 


TABLE CCXVI. 
HCI band at 3°46u. 


n. A ing. v. Av. 
12 323868 3087-68 12:85 
II 3°25224 307483 13°27 
10 3°260631 3061°56 14°47 
9 3°28182 3047°09 15:89 
8 3°29903 3031°20 14-92 
Z 3°31534 3016°28 16°30 
6 3°33330 2999°98 17°62 
5 3°35305 2982°36 17°38 
4 3°37270 2964:98 18-62 
3 3°39402 2946°36 18°35 
5 341529 2928:01 20:24 
I 3°43907 2907°77 41-60 
ie 3°48897 2806°17 2075 
2’ 3751505 2844°42 22-48 
a 3°54306 2821°94 22°49 
4 3°57214 2799°45 23°04 
Sb 3°60178 2776°41 23-86 
ey 3:63208 2752'56 23:67 
y! 3°66450 2728'89 25-30 
8 3°69878 2703'59 25°03 
9’ 3°73335 2678°56 25°91 
10! 3°76982 2652°65 26°15 
ib a 3°80735 2626°50 26°62 
12’ 3°84633 2599°88 


1 Ann. der Phys., 71, 84 (1923). 
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In the first column are given the numbers assigned to the sub-groups 
in Fig. 56, and in the second and third columns are given the wave- 
lengths and wave-numbers of the sub-groups. The fourth column 
gives the values of the wave-number difference between each consecu- 
tive sub-group, and as can be seen, these increase from 12-85 to 26-62, 
the total number of sub-groups being twelve on each side of the zero 
point. 

An explanation of this somewhat remarkable phenomenon has 
been put forward by Kratzer.t The formula (11) obtained above was 
based on a definite assumption which now appears to be incorrect. 
To briefly re-capitulate, by postulating the existence of molecular 
rotations and by quantising the moment of momentum we arrived 
at the expression (7) for the energy difference between any two succes- 
sive rotational states. By further postulating a nuclear vibration 
along the axis of figure and by quantising this we arrived at formula 
(9) for the energy difference between any two successive states. By 
combining the two together, vibration and rotation, equation (II) 
was obtained for a rotation-vibration spectrum. 

Now it has been assumed that the oscillation of the nuclei is har- 
monic and that the oscillation and rotation are mutually independent. 
In his paper Kratzer deals with the problem of the non-harmonic 
rotating oscillator and the mutual influence of the rotation and oscil- 
lation. He shows that as the result of the oscillation the moment 
of inertia I is not constant, its mean value being different from that of 
the molecule when oscillation is absent. Furthermore, the rotation 
changes the strength of the bond between the two nuclei and thus 
affects their equilibrium position. He denotes the energy of the 
molecule with rotation quantum m and oscillation quantum 7 by the 
symbol W,,, the symbol W” referring to the rotationless state. Inthe 
case of harmonic oscillation, as we have already seen, 


n 
We = nhs, 
but when the oscillation is non-harmonic we have to a sufficient 
approximation 


Wo = nhy(i— nxt...) . : ~ (13) 


where x is a small constant which depends on the non-harmonic 
linking of the nuclei. In Sommerfeld’s Atombau und Spektral- 
linien (4th edition)? Kratzer gives, in a simplified form, the results 
which he arrives at, and these I venture to give here. The energy of 


> 
the molecular state represented by Wh, is given by 


2 
Win = We mna,h +- seal? rae tad ae tr 


. 


In this expression the coefficient a, contains the moment of inertia 
and the force binding the nuclei ; it depends on the quantum number 


' Zeitsch. fiir Phys., 3, 289 (1920). a Povaa: 
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n and not on the value of m. The third term on the right-hand side 
of (14) expresses the energy of rotation and has another term involving 
the products of m* into a factor which contains a variation in the 
moment of inertia. 

From (13) and (14) it is easy to recognise the fact that the values 
of Av in a rotation-vibration band should not be constant as was 
deduced in the harmonic case. 

We have 


I n 0) 
=F (Wm+2— Wm) = 1 vo(I—axn + 5s) — (RE 1)*na,-- B(-L2m-E 1-B «..) 
and if m is a sequence of integers with positive and negative values 
y=nv(I —xn+...)—(m+1)%a,+ Blam+i+...) (15) 
From this it follows that 
Av=2B(I+...)—(2m+1)na,  . (76) 


Instead of being constant, therefore, Mv is in the first place changed 
by the centrifugal action of the rotation and in the second place it 
is progressively decreased, as m increases, by the mutual influence 
between the rotation and oscillation, the coefficient a, being positive. 
Kratzer applies these conclusions with singular success to the absorp- 
tion bands of hydrogen fluoride, chloride, and bromide. 

A further deduction of considerable interest may be made from 
(13). In the case of harmonic oscillation, transition in the quantum 
number n of I is alone possible, but in the non-harmonic case transi- 
tions of I, 2, 3, etc., may occur. It follows from (13) that the vg in 
(11) is to be replaced by 


vy(I — %), 2vo(I — 2%), 3¥o(1 — 3x) - . (17) 


In absorption spectra, therefore, where the initial state is = 0, 
there may be final states where nm = 1, 2, 3, etc. In emission the 
final state » = 0 and in the initial states m = I, 2, 3, etc. “* Over- 
tone’ bands are thus rendered possible, and the central wave-numbers 
of these will not be exact integral multiples of that of the fundamental. 
The wave-numbers of these overtone bands will be given by (17). 

Burmeister! measured four rotation-vibration emission bands of 
HCN, the central frequencies of which Kratzer calculated to be in the 
ratio 

1: 1°97: 2°93: 3-91. 

Since these bands are due to the transitions in 2 of I—>0, 2—0, 
3->0, and 4->0, it would be expected in the harmonic case that 
their frequencies would be in the ratio of 1:2:3:4, even if these 
transitions were permitted. Kratzer shows that if x in (17) is given 
the value of 7-4 X 10~ 3, then the ratio is obtained 


0:993 : 1-960 : 2°938 : 3-881 = 1: 1-975 : 2°95: 3°91, 


1 Dissertation, Berlin, 1913. 
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which is extraordinarily close to Burmeister’s values. This relation 
between the central frequencies of the fundamental and overtone 
bands has been confirmed in certain other cases. 

A second important conclusion may be drawn from (16) as regards 
the value of Jy in the overtone bands. Equation (16) shows that 
the value of Mv changes by an amount which depends principally 
upon the factor a,, and it follows that the change in 4p in the over- 
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tone bands will be greater since a, depends on the value of n. “This 
conclusion is experimentally Supported by Imes’ measurements of 
the sub-groups in the first overtone absorption band of hydrogen 
chloride at A= 1-76. In Fig. 59, which is also taken from Imes’ 
paper,’ is shown the distribution of the sub-groups, the method of 
plotting being the same as in Fig. 56. The measurements are given 


iin Wailalke (COWIE, = 
TABICN TC CXCVA ls 


HCI band at 1-76u. 


n. A in a. Vv. Ap. 

8 I-72711 5790-00 ‘ 

7 1°73036 5779°15 ee 
6 173413 5766°57 ieee 
5 173844 5752°29 iS 
4 174274 573811 a 
3 174747 5722'56 eee 
2 1°75255 5705-98 ae 
I 1°75797 5688-40 75 
4 177015 5646:37 ee 
oe 1-77835 5623-20 aoe! 
if 1-78570 5600-04 Beh 

4’ 179329 5576°34 one 
x 180163 5550°54 Be 
6’ 180997 5524°96 oe 
iE 1-81874 5498-32 ans 
8” 1°82862 5468-61 aod 


As may be seen from Table CCXVII. the values of dp expressed in 
wave-numbers increase from 10:85 to 29°71, the total number of sub- 
groups being eight on either side of the zero point. 


LOG. Cots 
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Before we pass on to the next section of the general problem of 
barid spectra, reference may be made to a remarkable deduction 
that was made by Loomis,! and also by Kratzer,? from Imes’ measure- 
ments of the infra-red absorption spectra of hydrogen chloride and 
bromide. In Imes’ map of the hydrogen chloride band with centre 
at 1:76 (shown in Fig. 59), the sub-groups all possess subsidiary 
maxima on the long wave side which were not included in 
Table CCXVII. Loomis and Kratzer independently concluded that 
the two maxima, principal and subsidiary, in each sub-group are due 
to the existence of the two isotopes of chlorine with atomic weights 
of 35 and 37.3. The two maxima are attributed to the nuclear vibra- 
tions of the two molecules HCl, and HCls,, respectively, and the 
agreement between the calculated’and observed differences between 
the wave-lengths of the two maxima is extraordinarily close. 

We may represent the relative difference between the nuclear 
vibration frequencies of HCl; and HCl;, by 8v/y and the relative 
wave-length difference as 6A/A, and it may then be shown that 


dv/v = 4s — gy) = rob 


and hence 
iA = — ds Se Xx 107 4em, = — 13:54 Angstrém. 
v 1295 

The negative sign means that the maxima due to HClg, lie on the long 
wave-length side of the maxima due to HCl,;. We know that, since 
chlorine has the average atomic weight of 35-46, the relative amounts 
present of HCl, and HCls, must be 3:35 and 1. Consequently the 
intensity of the maxima due to HCls; must be about 3:35 times the 
intensity of the maxima due to HClgy. 

The observations show that the maxima on the long wave side 
are decidedly weaker in their relative intensity, and this is just what 
would be expected. The values of 5A in Angstréms between the two 
maxima are given in Table CCXVIIL., the numbers given in the first 
column being those given by Imes to the various maxima. 


TABLE CCXVIII. 


Sub-group. dA. Sub-group. 5A. 
1 12 ii 14 
2 Il ah 16 
3 13 e% 7* 
4 = 4’ 10 
5 14 5 ) 
6 16 6’ 22 
fl 16 7 == 
8 8’ — 


1 Astrophys. Journ., 52, 248 (1920). 
2 Zettsch. fiir Phys., 3, 460 (1920). 
3 F, W. Aston, PAz/. AZag., 39, 611 (1920). 
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The mean value of dA is 14.+ 1 Angstrém, and this is extraordinarily 
close to the calculated value of 13:54 Angstrém. 

Before the next stage of the theory is developed, namely, the 
explanation of the visible and ultra-violet bands, attention may be 
drawn to a point of some interest in connection with rotation-vibra- 
tion spectra. The quantising of the nuclear vibration referred to an 
oscillator with a variable electric moment, and this is realised in the 
case of such molecules as HCl, H,O, SO,, etc. On the other hand, 
in the case of homopolar molecules such as Oy, Ny, Hy, ete., this condi- 
tion does not obtain, and consequently when their component atoms 
vibrate in the direction of their axis of figure they lead to no electric 
moment and hence to no emission or absorption of energy. It follows 
that in the case of homopolar molecules no rotation-vibration spectra 
should be exhibited. It is known, for example, that hydrogen and 
nitrogen exhibit no absorption bands between 100u and Ip, which 
agrees with the above conclusion. 

Visible and Ultra- Violet Bands.—We may now turn our attention 
to the origin of emission of band spectra in the visible and ultra- 
violet regions, and in applying the foregoing theory it is necessary 
to consider a third phenomenon in addition to the two already dis- 
cussed. Reference has already been made to Heurlinger’s theory in 
which a change in the electron configuration was taken into account 
as well as changes in oscillation and rotation, and the theory was 
independently developed by Lenz?! from the theoretical standpoint. 
Once again are we indebted to Kratzer,? who has succeeded in making 
great advances and in deducing formule which give a complete ex- 
planation of the structure of certain bands. 

One point arises at once in connection with the introduction of 
changes in the electronic configuration of the nuclei. It was pointed 
out previously that in the case of a homopolar molecule like N, transi- 
tions in the oscillation quantum number do not occur, since there is 
no electric moment. The case is different, however, for such a mole- 
cule if one of its constituent atoms is electrically excited by a dis- 
turbance of its electronic orbits. The molecule, as a whole, may then 
acquire an electric moment and therefore become endowed with 
the power of emitting radiation as an oscillator. It follows that a 
homopolar molecule may radiate energy due to changes in its oscil- 
lation quantum number as well as in its rotation quantum number, 
provided that there simultaneously occur changes in the electronic 
configuration of one or other of the two atoms. 

We have now to consider the emission of radiation to which there 
are three contributory causes, and the emission can be expressed by 


v= vet ryt Ym - ; : < {rs} 


‘ Verh, Deutsch. Phys. Ges., 21, 632 (1919). 


2 Ann. der Phys., 67, 127 (1922); 71, 84 (1923); Zertsch. fiir Phys., 23, 208 
(1924). See also Sommerfeld’s Atombau und Spektrallinien (4th ed.), p. 718 e¢ Seg. 
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where v, represents the contribution due to the quantum jumps in 
the electron systems, v, the contribution due to quantum jumps 
in the oscillation quantum number n, and v,, the contribution due to 
the quantum jumps in the rotation quantum m. The problem is 
different from that which has previously been discussed, since we now 
have in the initial and final states two molecules which differ in the 
configuration of their component atoms or groups of atoms. It is 
obvious that those constants which depend on the molecular structure 
will be different in the two states, and these changes must be taken 
into account. 

We may first discuss the contribution v,,, and in this case the value 
of the moment of inertia I will be different in the two stationary 
states which exist before and after the transition in the rotational 
quantum number m. If the two values of the moment of inertia be 
I, and I we may express the kinetic energy of the initial and final 
states by : 

eee 2 

em” ond Um 

8771, 87? 1’ 
respectively, in accordance with our previous conclusions. The 
energy emitted during the transition will be given by 


Pa ene 


a Srl, 8771’ 
the frequency being ae 
hm? hm* 
Ym = 8n21, 8nl pe Rar k se 


Applying the principle of selection which limits the transition to 
m, = m + 1 for the initial state and m for the final state (the transi- 
tion dm = 0 being for the moment neglected), we have 


_—h(m41)? hm 


"m0 — — Br®L Ba? 
h hm hm? /t I 
es eg ahs ee NS Be Boe . (20 
8n* 1, a3 An], 24 87? (F i) (20) 


Introducing this into (18) we have 


h hm hm? /1 1\ | 
vat nt gear + Zan, + ane T~ i) . ~ a) 
= A + 2Bm + Cm? J 
; h , h 
where A = vg + vn + 8x21,’ B= Sal,’ 


h /t I 
oa me ra i): 


Equation (21) gives the positive and negative branches of the band 
spectrum which Heurlinger called the P and R series. As he pointed 
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out we have also to take into account the transition Am = 0 and in 
this case we have : 
_ hm? hm? 
ct oe aay 


_ ime 
8x? i, ‘ya 


The formula for this zero branch or, according to Heurlinger, the Q 
series is therefore 


y= A+ Cm’. : + 422) 
To these three series Kratzer gives the name of partial bands, Some- 
times it is found that these series do not consist of single lines, and may 
be more complex ; for example, each member may be a doublet, as 
Heurlinger found. This is due in all probability to the fact that 
different values of the term B come into play, and to such systems 
Kratzer gives the name of associated partial bands. 

As was pointed out in the previous section, one of the essential 
characteristics of emission bands is the running together of the lines 
to a head. As a matter of fact, Thiele! suggested that the head of 
a band is an accidental accumulation of lines without any specific 
physical significance, and this is borne out by equation (21). If the 
wave-numbers of the two branches of lines given by (21) be calcu- 
lated, it will be seen that this phenomenon of the head of the band 
finds its explanation. To illustrate this, we may put 2B = 5 and 


C = 0-3 and calculate the values of »y from p = + 2Bm + Cm? with 
m= — 4,+4,+ 3,etc. The values are given in Table CCXIX, 
TARE REC OXI, 
Positive Negative 
branch, branch. 
mm. m2, 2Bm, Cm2, Cm2 + 2Bin. Cm2 — 2Bm. 
== yy 0°25 = PPS 0075 = 2425 Se RSS 
Soe t2 0°25 Ae ES 0°075 + 2°575 — = 2°425 
3/2 2°25 75 0675 8175 == O25 
5/2 6:25 1tePIS 1-875 14°375 — 10°625 
7/2 12°25 17°5 3°675 21-175 — 13825 
9/2 20°25 22°5 6:075 28°575 — 16°425 
11/2 30°25 27°5 9°075 36°575 — 18:425 
13/2 42°25 32°5 12°675 45°175 — 19°825 
15/2 56°25 37°5 16°875 54°375 — 20°625 
17/2 W225 42°5 21°675 64°175 — 20°825 
19/2 90°25 47°5 27°075 74°575 — 20°425 
21/2 110°25 52°5 33°075 85°575 —19°425 
23/2 132°25 575 39°675 97°175 — 17°825 
25/2 156°25 62°5 46°875 109°375 = 15625 
27/2 182°25 67:5 54°675 122°175 — 12°825 
29/2 210°25 72°5 63°075 135°575 — 9°425 
31/2 240°25 77°5 72°075 149°575 — $°425 
33/2 272°25 82°5 81°675 164°175 — 0°825, 
35/2 306°25 87°5 91-875 179°375 375 
37/2 342°25 92°5 102675 195°175 10175 
39/2 380°25 97°5 114°075 211575 16°575 
41/2 420°25 102°5 126°075 228-575 23°575 
43/2 462°25 107°5 138:675 246°175 31-175 


* Astrophys. Journ., 6, 65 (1897). 
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It will be seen at once that the negative branch starts off towards 
the smaller frequencies and soon turns back on itself towards the 
larger frequencies. Both branches, when plotted graphically, give a 
parabola, and with positive values of m the vertex of the parabola 
of the negative branch lies at — 20-825. If the lines are plotted on 
a linear scale of wave-numbers it will be seen that those of the nega- 
tive branch crowd together to the vertex of the parabola, this point 
forming the ‘‘head’’ of the band, which is thus degraded towards 
the ultra-violet. This is shown in Fig. 60. 

It is evident, therefore, that the enumeration of the lines must not 
commence from the head of the band, but from the zero line, just as 
was the case in the two branches of the infra-red absorption band of 
hydrogen chloride illustrated in Fig. 56 on p. 484. The question 
arises as to the position of the zero line and the correct enumeration 
of m on the scale of half-quantum numbers. This question is discussed 
by Sommerfeld and Kratzer, the latter of whom, as already stated, 
introduced the conception of half-quantum numbers, and they de- 
velop the following argument. If, as in the old method of enumera- 
tion, we put m= 0 for the line of zero intensity and take integral 


Sen 6 5 
910N 12 13 


values of m from — o to + co, we would have for two disturbances 
the values m, and — (m, + 1), and these would correspond to the 
two transitions m,+ 1—+>mandm,—>m-+ 1. It thus would appear 
that the disturbances originate in the type of transition rather than 
in the molecular state, that is, the initial or final state. On the other 
hand, all the evidence points to the opposite being the case, that is 
to say, the disturbance must be characteristic of the molecular state 
and not of the nature of the transition. 

This has a very definite influence on the value of m, for, if we assume 
in the first place that the disturbance is characteristic of the final 
molecular state, in accordance with the condition that the quantum 
number indicates the final state, the value for m for both lines must 
be identical. The enumeration of m must, therefore, be altered by 
+4. The two lines due to the disturbance have the quantum 
numbers m= + (m,+ 4). If, on the other hand, the disturbance 
is characteristic of the initial molecular state, then the enumeration 


4 3 2 1 0 
' 
' 


Fic 60. 


is to be altered by — 4. The zero point now occurs at m= — 3, 
the disturbances at m= m,— 4 and m= — (m,+ 3) corresponding 


1Sommerfeld, /oc. czt.. p. 722. 
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to the initial state m+ 3. We give, therefore, the following series of 
values to m :— 


bol on 


Le 


where the bracketed value (— 4) concerns the transition $a —F4 
according to whether we attribute it to the positive or negative 
branch. We may continue to speak of the line which is absent for 
m= — 4 as the zero line, even though it is no longer attributed to 
the quantum number m = o. 

There remains to be considered the question of the intensity of 
the lines in these partial bands. In the simple rotation-vibration 
spectrum, illustrated in Fig. 56 on p. 484 by the infra-red absorption 
band of hydrogen chloride, it will be seen that the intensity of the 
component sub-groups rises to a maximum and then falls as the 
value of the rotational quantum number m increases in the two 
branches. The two intensity maxima are symmetrically distributed 
with respect to the central zero line. This clearly means that out of 
the total number of molecules absorbing energy the greater number 
undergo the transition in m of 5=>4 if the third sub-group 
counting from the centre have the greatest intensity. The position 
of the maximum depends on the temperature of the molecules, since 
the higher is the temperature the greater is the average rotational 
quantum number. The distribution of intensity obeys the Maxwell- 
Boltzman law, as Heurlinger} showed. The same applies to the two 
branches of the partial band expressed in (21) and the zero branch 
expressed in (22). 

We may next turn our attention to the band heads and the law 
connecting these in any band system. In order to do this it is neces- 
sary to analyse the contribution denoted by v, in equation (18) on 
p. 490, that is to say, determine the effect of changes in the oscillation 
quantum number n. This was carried out by Kratzer,? who showed 
that the contribution v, is obtained as follows. By (13) on p. 486 
the energy of a molecular state defined by the oscillation quantum 
number m is given to a sufficient dégree of approximation by 

Wo" = nhvo(i — nx) 
and consequently the energy of the state characterised by the quantum 
number n’ will be given by 
Wo” = why’ (1 — n’x’), : = (23) 
where v’y and x’ are the new values of vy and x. The frequency con- 
tribution is therefore 


ae n 
Baws W, 


h = nv (1 — 2x) — ny’ (1 — xn) 


Vy 
= (1! —n) v9 + ("9 — v9) — (n"2v" gx! — n®vox) (24) 


' Dissertation, Lund, 1918; Zettsch, fiir Phys., 1, 82 (1920). 
® Ann. der Phys., 67, 127 (1922). 
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This value of vz, must be introduced into the term A of equation (21) 
above, and we then will obtain the values of the zero lines. 

Equation (24) tells us that according to the values of n’ and n 
we obtain a double set of values of A, each of which forms the zero 
line of a partial band. Furthermore, the three terms are arranged 
in descending order of magnitude. The first is the largest and 
depends only on the transition n’ — n in the oscillation quantum 
number. This is termed the group within the band system, the word 
group being used in a sense different from that used by Deslandres. 
The second term is smaller, since in general the difference between 
v’g and vy is small, and depends only on the absolute value of the 
quantum number. This term gives the single bands which compose 
each group, these single bands being due to the transitions An = 0, 
with different absolute values of n. Lastly, the third term gives the 
deviation from linear progression caused by the non-harmonic oscilla- 
tion. 

The foregoing will be made clearer by reference to a specific case 
such as the violet band spectrum of ‘‘ cyanogen.”’ This system con- 
sists of four groups with their principal heads at A = 4606, 4216, 3883, 
and 3590. ‘These groups correspond to the transitions 


n'—n= An=— 2, —1, 0, and +1, respectively. 


Each of these groups consists of five partial bands with the result 
that each group appears to have five heads. The zero lines of these 
five partial bands are all due to the same transition ’ > as char- 
acterises the group to which they belong, and in descending order of 
wave-length the final quantum numbers (m) are 0, I, 2, 3, and 4, 
respectively. For example, the five heads in the first group are at 
A= 4606, 4553, 4515, 4578, and 4532, andas for this group n’ —n=—2, 
the five zero lines of these partial bands are given by the transitions 


2>0,371,4>2,5—>3, 6—> 4. 


Again, in the 3883 group (x’ — m = 0) the five zero lines are given by 


0>0,1>1,2>2,3>3,4—>4. 


We are now in a position to derive the complete formula for a band 
system with one reservation, which applies to the contribution repre- 
sented by the term v,. Too little is at present known about the effect 
of electron jumps in the atomic nuclei or the properties of a molecule 
as a whole to justify any attempt to analyse the term y,. The equa- 
tions given above define a single band system with its groups and sets 
of partial bands. There is little doubt that to the term v, we must 
attribute the existence of more than one band system such as are 
evidenced, for example, by the red and violet systems of ‘ cyanogen,” 
the positive and negative band systems of nitrogen, etc. This prob- 
lem has not as yet been solved, and consequently we must, at the 
present time, leave it in that state. 
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In deriving the final formula we may, as the first step, introduce 
the value found for v, into the equation (21), whereby we obtain the 
equation 


J i/ hic: 
ee as 32 + n'y" (1 — n'x’) — nvg(t — xn) + 2Bm + Cm? (25) 


It is possible from (25) to obtain a sufficiently accurate expression of 
the law governing the wave-numbers of the zero lines to enable us 
to compare it with that deduced by Deslandres for the band heads. 
As was shown on p. 493, the zero line is given by m= — % in the 
formula for the positive branch of the partial bands and m = 4 in 
that for the negative branch. The wave-numbers of the zero lines, 
therefore, are given by 


C 
4 


= v,+ n'v' (1 — n'x’) — nv(t — xn) + - : - (26) 


h Vey. 1 
aia Ma jae et hak Se xn) — Bo 


Now Delandres, as was stated in equation (I) on p. 477, gave the 
expression of his law for the band heads in the form 


y= a(n + B)— (p+ y)2+K 


whereby 


v= an? + 2anB + aB? — (cp? + 2cpy + cy?) + K 
= an® + bn — (cp? + dp) +L. 

This agrees with (26) if we put 

C 
A? 
and consequently (26) expresses the second law of Deslandres. It 
must be remembered that (26) refers to the zero lines which are not 
widely separated from the band heads, so that the Deslandres formula 
only gives a close approximation to the wave-numbers of the band 
heads. 

In deducing the equations (21) and (25) only the approximate 
form of the expression (13) was used, and further, the coefficient the 
in (14) involving the moment of inertia and the force binding the 
nuclei was omitted. Sommerfeld and Kratzer?! in deriving the com- 
plete band formula give the following argument. From a considera- 


tion of equation (14) we may obtain an expression for the mutual 
influence of rotation and oscillation by using 


Ce ee ee Woks 
3,2] R, place o 331" 


a=— Vy", b= vy, c= — vt, d= vw, L= »,+ aB* — cy? + 


' Sommerfeld, Zoc. cit., Pp. 732. 


eon 
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Now Kratzer, in an application of these formule to the cyanogen 
bands, to be referred to below, found that the term B in (21) is a 
function of n’, and in consequence we substitute the value 


h , 


ee Bin’) = Snel, 7 (27) 
Similarly, we write 
h 
B(n) = Bt an ; . (28) 
and obtain for the term C in (21) the more accurate value 
C(n’,n) = B(n’) — B(n) . : . (29) 


Tt follows from this that the complete band formula can be written 
in the form 


v= A(n'’, n) + 2B(n')m + C(n’,n)m2 + . : (30) 
where 
A(n', n) = ve + Bin’) + n'v' (1 — n'x’) — nv (1 — nx) +... 
' h ; J 
Bin’) = 4's Bln) = 557 — ans Ot oan) ee 


Cn’, n) = B(n’) — Bin). 


‘This formula contains three quantum numbers and nine constants. 


The foregoing formula have been applied with signal success to 
experimental observations by Heurlinger, Kratzer, and others. It 
must be noted, however, that even the final equation (30) does not 
express all the complexities which have been observed in certain cases. 
This will be understood better from the analysis of the band spectrum 
of helium which has recently been carried out by Curtis. Before 
discussing this reference may be made to one or two simple cases 
which find a very satisfactory explanation by the formule deduced 
above, 

One of the neatest of these is that made by Lenz! to the fluores- 
cence spectrum of iodine observed by Wood and Kimura.? Lenz 
pointed out that owing to the complexity of the absorption spectrum 
of iodine it would be a hopeless matter to disentangle the fluorescence 
spectrum were it excited by white light. Wood, however, succeeded 
in exciting the fluorescence by monochromatic radiation, using in 
turn the mercury lines at A= 5462, 5791, and 5770. The question 
then arises as to the sequence of events under these conditions of 
excitation. It is obvious that a molecule in a state characterised by 
the quantum numbers ” and m will be brought to an excited state 
characterised by the quantum numbers n’ and m’. Now, owing to 
the thermal agitation, all possible states of oscillation and rotation 
will be present, but, since the excitation is monochromatic, only those 
molecules will be excited which have a definite oscillation quantum 

1 Phys, Zettsch., 21, 691 (1920). 2 Phil. Mag., 35, 236, 252 (1918). 
VOL. III. 32 
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number and a ‘definite rotational quantum number m. The result 
of the excitation will be the formation of molecules characterised by 
the definite quantum numbers m’ and n’, and these will radiate energy 
in their transition to a new quantum state. It is very important to 
note that Wood did not, in general, observe the line series of the 
partial bands, but pairs of lines with Jy = constant. Now, by the 
selection principle the transition in m’ is restricted to m’ > m + 1, 
if we exclude the zero branch [see equation (22)] which is also absent 
in the case of the cyanogen spectrum. Since every excited molecule 
has the same quantum number m’ it follows that the fluorescence 
emission will consist of a single pair of lines. 

The restriction set by the selection principle will naturally break 
down in cases where the excited molecules collide with one another 
or with molecules of admixed gases before the emission occurs. Such 
collisions will result in the appearance of the partial (rotation-vibra- 
tion) band since the initial and specific value of m’ will thereby be 
changed. Each new value of m’ will give rise to a pair of lines, and 
so the whole partial band will make its appearance. In Wood's 
experiments the iodine vapour was at room temperature and conse- 
quently the collisions taking place between the moments of excita- 
tion and emission were relatively few, but with very long exposures 
he was able to recognise the lines of the partial band symmetrically 
distributed with respect to the original pair of lines. The relative 
intensity of the partial band is materially increased when helium or 
xenon is present, the pressures of the two gases being 4 mm. and 1:25 
mm, respectively. As Lenz says, these observations are in exact 
concordance with the theory. 

The theory, therefore, leads to the very facts which Wood ob- 
served, namely, pairs of lines of considerable intensity with faint 
evidences of the remaining lines of the partial bands, all the pairs 
excited by a single mercury line having the same separation in wave- 
numbers. 

Wood obtained the best results when the iodine vapour was 
excited by the green mercury line at A = 5462, and Wood and Kimura 
measured twenty pairs of lines with a constant wave-number separa- 
tion of 5. The measurements are given in Table CCXX. :— 


TABLE CCXX, 


Order number, A. Y obs. Ap. VY calc. Av. 

fo) 5462°23 18307°5 18307°5 fe) 
5403-74 18302°5 a 

I 5520°55 18094°5 18094:2 sekey 
552810 18089°4 51 : 

2 Missing. 

3 5658-71 17671°9 17671 +o 
5660°38 17606°7 o” : : 

4 5726'59 17462°4 17462°1 + 0:3 


5728-25 17457°3 , 


i i tie i ee eB 


Order number. 


5 


12 


13 


26 
27 
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Xr. 
5795°79 
5797°51 


5866-14 
5867°85 


Missing. 


6010°66 
6012°50 


Missing. 


6160-63 
6162°48 


6237°68 
6239°56 
621616 
6218-14 


6396-08 
6398-05 


Missing. 


6560°56 
6562:68 


6645°0 
6647-0 
6731-12 
6733°28 


6618-63 
6820°01 


Y obs. 
17253°9 
17248°8 


17046°9 
17042:0 


16637°1 
16632-0 


16232°1 
16227°2 


16031-6 
16026°8 


15832°4 
15827-0 


15634°6 
15629°7 


15242°6 
15237°7 


15048-9 
15044°3 


14856°4 
14851-0 


14665°7 
14660°8 


Ay. 


51 


49 


49 


Faint and masked by mercury line. 


6998-96 
7001°39 


Missing. 


718623 
7188-68 


7282°39 
7284:92 


Missing. 


7480°4 
7482'9 


Missing. 


7685°7 
7688°5 


14287°8 
14282°8 


13915°5 
13910°7 


13731°8 
13727°0 


13368-2 
13363°8 


130110 
13006'0 


50 


44 


Y calc, 


172539 


17047°0 


16637:0 


16632°2 


16031°6 


15832°4 


156344 


15242°3 


15048°1 


14855:2 


14663°6 


14284:2 


13358-0 


12996°4 


Gs 
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ere i 


+03 


+08 


S50 


‘+ £02 


500 SPECTROSCOPY 


The small values of Mv in Nos. 16 and 25 are undoubtedly due to the 
fact that these pairs were extremely faint and difficult to measure. 

Lenz calculates the value of I from the value Av = 5 and for this 
purpose we need only the simple rotational formula vy = A + Bm?. 
Since the two lines are due to the transitions m—>m-+1 and m>m—1I, 
the difference in wave-number between them will be 


Av = B(m + 1)? — B(m — 1)? 
mh 


AE 2n?I 


In order to calculate the value of I it is necessary to know the 
value of m and to express Av in frequency units, i.e. Av=5 x 3 x 101°. 
From the position of the doublets in the partial band it is prob- 
able that m is about 9. In this way the value of the moment of 
inertia of the iodine molecule is found to be approximately 
SPR Ort 


l= =2 2°10 — *ermurcna.*: 
2a" < 15 «x 10! s 


This is about fourteen times the value for the nitrogen molecule calcu- 
lated from the cyanogen bands (see below). 

From this value of I the size of the iodine molecule can be ob- 
tained, since, if 21 be the distance between the two atoms, we have 


St? See ees 
aa eee 


2 


[2 


where Mj, is the absolute mass of the molecule. Putting the absolute 
mass of the hydrogen atom at 1-65 x 10~*4 gram we have 


Res 22 Tome? 
254. 1°05 S10” 


whence 21 = 1-36 xX 1078 cm., which agrees well with the known 
molecular magnitude. 

Again, the series of line pairs given in Table CCXX. are due to 
the transitions in the oscillation quantum number n. Wood and 
Kimura show that the wave-numbers of the more refrangible lines of 
the pairs are expressed by the formula 


v = 18307-5 — 213-78 n + 0-637 n?, 


which gives the calculated values in the fifth column of Table CCXX. 

If we neglect the refinements due to the term a, the wave-numbers 
due to the different values of the oscillation quantum number » can 
be found to a sufficient approximation from equation (15) to be 


v= nv (Il — «n) 
= Von — xvgn?. 
In the present case the wave-numbers of one of the lines of the pairs 
is given by 
v= A — {vgn — xvqn* 
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where A is a constant involving v,, vg = 213°8 and XVq = 0°637. It 
follows, therefore, that the fundamental wave-number of the iodine 
molecule is 213-8, and the value of x is 2:98 X 1073. Apart from the 
fact that the distribution of the pairs of lines is in accordance with 
that demanded by the simple Kratzer formula, the fundamental 
wave-number, as Lenz points out, is in excellent agreement with that 
calculated from the specific heat. It is also of some interest to note 
that the value of x is of the same order as that calculated by Kratzer 
from the HCN bands, namely, 7-4 x 1073 (see above, p. 487). 

We may next deal with the application by Kratzer of equation 
(26) to the violet cyanogen band system and his calculation of the 
wave-numbers of the zero lines.!_ Heurlinger, in his dissertation, 
observed these with great accuracy so far as the observations went, 
and gave ® the following provisional and formal formula :— 


¥ = 25799°75 + film) — (2055-647, — 13-25n,2). 


Kratzer, in agreement with Heurlinger, attributed the 3884 group to 
the most frequently occurring oscillation quantum number and the 
most frequently occurring quantum jump, and he assumed that in 
this case x = 0 and dn =o. On this basis he obtained the following 
formula for the zero lines of the complete band system :— 


v = 25797°83 + 2143-88, — 20-25n,? — (2055-64n, — 13°25%,”) 
and the resulting values are given in Table CCXXI. :— 


TABLE CCXXI, 


n, = 0} (3884) | (4216) | (4606) 
25797°83 | 23755°44 | 21739°54| 9 — = = 
25797°83 | 23755°44 | 21739°55 


(3590) | (3872) | (4197) | (4578) 
I 27921°3 | 25879:0 | 23863:0 | 21873-4 — — = 
2792138 | 25878-99 | 2386310 | 21873-71 


(3586) (3862) (4181) (4553) 
2 — 27962°7 | 25845°5 | 23956°5 ae 
27962°04 | 25946715 | 23956°76 | 21993°87 


(3584) (3855) (4168) (4532) 


27989°70 | 26000°31 | 24037742 | 2210103 


(3850) (4153) (4515) 


26040°47 | 24104°08 | 2219419 


1 Ann. der Phys., 67, 127 (1922). 2 Zettsch. fiir Phys., 1, 82 (1920). 
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In each case the wave-length of the band head is given first, followed 
by the wave-number of the zero line (where observed) and the calcu- 
lated wave-number. 

In Table CCXXI. the horizontal rows refer to equal values of 
the initial quantum number, and the vertical columns to equal values 
of the final quantum number. The diagonal row (A = 3884, 3872, 
3862, 3855, 3850) corresponds to the quantum transition N=>M, 1.e, 

n=O. The upper diagonal rows proceeding to the right corre- 
spond to the groups for which dn = —1 and — 2, respectively. 
The lower diagonal row corresponds to dn = + 1. The constants in 
(26) have been so chosen as to obtain the best possible agreement 
with the observed values in the group at A = 3884, since the accuracy 
of measurement is greatest. The differences between calculated and 
observed values in the remaining groups are very small. Towards 
the end of the table the observed values of the zero lines are missing, 
the band heads only having been measured, and consequently at these 
positions the theory cannot be directly tested. 

Kratzer also gives the values of the constants B and C for the 
partial bands of the violet cyanogen system, and these may be given 
here. We may,showever, quote the more recent values! obtained 
with the half-integral quantum numbers and, indeed, with a later 
formula involving more terms,? and these are set forth in Table 
CCX XII. :— 


TABLE CCXXII. 


Ng = 0% I 2 3. 
2B. roo. 2B. TooC, 2B. rooC, 2B. rooC, 
NM, =O] 3919 6:8 3°917 8-6 3°95 Iorl 
I} 3°92 4°5 3°874 64 3°873 SI 3°92 97 
21) = 3°84 471 3°94 5°6 3°86 776 


As may be seen, the relative values of B and C are in accord with 
equation (21), since B is proportional to 1/1,, whereas C is propor- 
tional to 1/1, — 1/I. Furthermore, the values of B do not differ 
markedly amongst themselves, whilst the values of C on the other 
hand show considerable variation. This again conforms to (21), 
since C will evidently be more sensitive than B to changes in the 
molecule. 

The value of the moment of inertia, 1, can be calculated for the 
radiating molecule in the same way as was done previously in the 


* Sommerfeld, /oc. cit., Fate * Akad, Wiss, Miinchen, Ber., 1922, 107. 
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case of the iodine molecule, (p. 500). -If the value of B in oscillation 
frequencies is taken as 1:96 x 3 x 10!9 we have 

Pee pero SoU 
— 89?B 8a? x 5-88 x 1010 


, 


ie Idi 10 7? orm, coi, 
The distance apart of the atoms, assuming that the nitrogen molecule 
is the origin of the cyanogen spectrum, is given by 
AL og 10a 
2 — - ———_—__——— = 2-9 > 101? hence 2/—1- < a8 
28 X 1-65 X 10 -%4 3:OLX , whence 2/= 1-105 x 1078 cm. 

The following remarks by Kratzer! are of considerable interest 

in this connection. Heurlinger’s formula for the red cyanogen band 


v = 14430 + 1728-5n, — 13-5n,” — (2056-Ong — 13-2575”) 


shows, as he himself pointed out, that the final state is identical for 
the red and violet systems. It may also be noted from Heurlinger’s 
formula for the positive band groups of nitrogen that the initial state 
of the red cyanogen group is the final state of the first positive nitrogen 
group, and that probably the same is true for the second and fourth 
positive nitrogen groups. This would indicate that not merely are 
the two cyanogen band systems radiated by the same molecule, but 
also that the first, second, and fourth positive band nitrogen groups 
are to be attributed to the same particle. The question of the origin 
of the cyanogen bands would thus seem definitely to be answered, 
namely, that they are due to the N, molecule as Runge and Grotrian 
concluded,? since no one will deny that this molecule radiates the 
positive nitrogen band groups. It is also worthy of note that in all 
the nitrogen and cyanogen bands the nuclear oscillations are all 
essentially smaller than the specific heat would lead us to expect. 
We conclude that none of these bands can be radiated by the un- 
excited molecule, which agrees with the well-known fact that the 
solar spectrum shows no nitrogen absorption bands and that nitrogen 
is completely diactinic to far in the ultra-violet. 

So far we have considered one or two simple applications of the 
band formule. When the known examples of band spectra are 
completely analysed, the relations are found to be more complex than 
are indicated by our formule. The existence of the three series, 
positive, zero, and negative (Heurlinger’s P, Q, and R series), has 
already been indicated. In general these are found to consist of 
doublets, the separation of which progressively either increases or 
decreases as the value of the rotational quantum number m increases. 
Thus the cyanogen partial bands consist of series of narrow doublets 
which can only be separated when m is large. The converse is true 
of the H,O band at A = 3064, where the three series of doublets show 
decreasing separation as m increases.? Again, there occurs the 


1 Ann. der Phys., 67, 127 (1922). 2 Phys. Zeitsch., 15, 545 (1914). 
® Heurlinger, Dissertation, Lund, 1918. 
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phenomenon of displaced series which are well shown by the hydro- 
carbon band at A = 4300, where there are altogether six series of 
doublets, that is to say, three normal and three displaced series.1__ It 
is not possible to give a complete account of the work which has been 
carried out in analysing these various band spectra, but one instance 
may be selected for detailed consideration, namely, the band spectra 
of helium. This may be prefaced by a few words on the spectrum of 
the hydrogen molecule which presents some points of great interest. 

The Secondary Spectrum of Hydrogen and the Band Spectrum of 
Helium.—There is one question which has not been touched on in 
any way in the preceding pages, and that is the effect of a small value 
of the moment of inertia, such as is the case with the molecule of 
hydrogen. The so-called secondary spectrum of hydrogen, that is, 
the spectrum of the hydrogen molecule, was discussed in Vol. ITs 
Chapter III., but not from the point of view of its structure. The 
question at once suggests itself as to why the secondary spectrum of 
hydrogen is not a band spectrum in the ordinarily accepted sense of 
this term, and it is of considerable interest to seek the answer to this 
question. It is obvious from what has gone before that the secondary 
spectrum of hydrogen ought to be a band spectrum and the real 
question is why the essential characteristics of band structure are not 
apparent to the eye. When the secondary spectrum is examined it is 
found that there are no obvious heads of bands, but embryonic partial 
bands with very few lines have been noted by Fulcher,? Gehrcke and 
Lau, Kiuti,4 and others. 

It is not difficult to see that the whole difference between the 
appearance of an ordinary band spectrum and that of the secondary 
hydrogen spectrum is due to the very small value of the moment of 
inertia of the H, molecule. The separation of the lines of a partial 
band was shown in equation (8) on p. 483 to be 


that is to say, the separation is inversely proportional to the moment 

of inertia. Now, Fulcher showed that the separation of the lines of 

the partial bands of hydrogen is about 310 in wave-numbers or 

9-3 x 10” in frequencies. Introducing this value into the above 

equation we obtain for the moment of inertia of the hydrogen molecule 
6°55 x Io~27 


ise Gog peioe = 1:78 X 10~4! orm, cm.2 


Since this value is very near to the value 2:10 x 10741 calculated by 
Reiche ® from the specific heat of hydrogen, it follows that the separa- 


Kratzer, Zeztsch. fiir Phys., 23, 298 (1924). 

* Phys. Rev., 21, 375 (1923). ° Akad. Wiss. Berlin, Ber., 1922, 453. 
* Proc. Math.-Phys. Soc., Tokyo, 5, 9 (1922). : 

° Ann. der Phys., 58, 682 (1919). 
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tion observed by Fulcher is very near to that which would be expected 
from the simple band theory. Our question, therefore, is partly 
answered in that the consecutive lines of a partial band of the hydrogen 
molecule will be separated by abnormally large intervals, 

There is a second reason for the marked difference between the 
hydrogen spectrum and an ordinary band spectrum. Sommerfeld 
and Kratzer! point out that in the case of hydrogen the rotational 
quantum number m cannot have large values. This can well be 
understood from the probability factor of Boltzmann, 

E 
eit 
where E is the kinetic energy, T the absolute temperature, and h is 
a constant. On p. 482 it was shown that 


—— mh? 
“8727? 


whence we have for the probability factor 


Le ies 
e. 8k IT 


It is obvious that the smaller is the product IT, the smaller is the prob- 
ability of the existence of any but the smallest values of m. Since 
we have found that I for the hydrogen molecule is very small com- 
pared with that for other molecules (I for N, is eighty times as large, 
see p. 503), it follows that large values of m will not exist for the 
hydrogen molecule, and consequently there will be very few lines in 
each partial band. 

It would thus seem that in the case of the molecular spectrum of 
hydrogen each partial band will only consist of few lines, and these at 
large distances apart. Small wonder is it, therefore, that the secondary 
hydrogen spectrum, although it undoubtedly must conform to the 
fundamental laws of band spectra, does not present to the eye the 
characteristic structure we are familiar with in the spectra radiated by 
heavier molecules. Attention, however, may be drawn to a more 
recent paper by Kiuti on this spectrum, which will be referred to after 
the band spectrum of helium has been discussed. 

The problem is one of peculiar interest when helium is considered, 
since under certain conditions of excitation this gas exhibits a spec- 
trum which possesses some of the characteristics of a band spectrum 
in that band heads are present. The interest lies both in the neces- 
sity for postulating the transitory existence of helium molecules and 
in the intermediate position this spectrum must occupy between the 
molecular spectrum of hydrogen and the true band spectrum of heavy 
molecules such as those of nitrogen. The band spectrum of helium 
was first investigated in 1912 and described in 1913 by Curtis,? and 


1Sommerfeld, /oc. czt., p. 737. 2 Proc. Roy. Soc., 89, A, 146 (1913). 
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almost at the same time an independent account was published by 
Goldstein.1 This spectrum is developed in the wider parts of the 
tube when a discharge with small capacity and a small air gap is 
passed through helium at pressures which are higher than is usual 
in vacuum tubes containing this gas. The spectrum includes some 
conspicuous bands with single heads, some with double heads, and a 
number of complex regions in which no bands are recognisable. One 
prominent band with head at A = 5783 is degraded towards the ultra- 
violet, whilst all the other bands are degraded towards the red. 

An investigation by Fowler? led to a remarkable result, since he 
found that the double heads conform to the criteria of ordinary line 
series. There are two series of these doublet bands, in which the. 
heads approach one another as the series advance into the ultra- 
violet. In the case of the main series of doublet bands, the wave- 
numbers of the less refrangible heads, which are the stronger, can be 
accurately expressed by the Hicks formula 


1096792 
(m + 0:931561 — 0-0061 /m)” 


v = 34205-13 


the value of N being the earlier value published by Curtis. The 
second or more refrangible heads are not at all well expressed either 
by the Rydberg or Hicks formula, so that the two series do not seem 
to conform to the usual law of a principal series of doublets and to 
converge to the same limit. The same is true of the second doublet 
series of bands, for the less refrangible heads are well expressed by 
a simple Rydberg formula, whilst the more refrangible heads cannot 
be expressed by the Hicks formula, even with additional constants. 
The question of the components of these two series of band heads 
was discussed by Nicholson? who showed that both component 
series could be expressed by the generalised Rydberg formula pre- 
viously used by him.4 According to Nicholson’s view, both com- 
ponent series converge to the same limit. As previously shown, the 
Nicholson generalisation of the Rydberg formula is of the type 


vi BIN len cig)? 


where 
flm +m) = m+ p+ allm+ p) + B/om+ p)®+y/lm + we... 


and this formula accurately expresses the second series of doublets. 
In the case of the first series the coefficients a, 8, andy are alternately 
positive and negative. 

Although this view is not accepted by Curtis, who has made an 
exhaustive study of the ‘spectrum, the fact is unquestioned that the 
less refrangible heads in the two doublet series obey the laws of 


' Deutsch. Phys. Ges., Verh., 15, 402 (1913). 
: Proc. Roy. Soc., gt, A, 208 (1915). 
* btd., 91, A, 432 (1915). 4See p. 62. 
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ordinary line series. As will be shown presently, the arrangement of 
the lines in each band conform to the general principles laid down 
for band spectra. Then again, there is the complex region in which 
no bands are recognisable. This spectrum, therefore, is of unique 
interest, since it forms on the one hand a link between the limiting 
case of band spectra as shown by the secondary spectrum of hydro- 
gen, and on the other hand it forms a link between band spectra and 
the spectral series of atomic spectra. Not the least interesting fact 
is that this spectrum must be attributed to the transient existence of 
a helium molecule. On this point the following remarks of Sommer- 
feld may be quoted?: ‘“‘ We may picture the origin of this helium 
molecule as follows. Suppose two helium atoms are in an excited 
state such that one of each of the two electrons of each atom are 
slightly more distant from the nucleus than usual. Two such helium 
atoms resemble two hydrogen atoms, for they each consist of an outer 
electron and an atomic residue having a single positive charge. Thus 
they are able to enter into a union similar to that of two hydrogen 
atoms and may, therefore, combine to form an He, molecule. Hereby 
the excitation conditions for hydrogen and helium are opposite. In 
the case of hydrogen the secondary spectrum arises more readily (at 
lower potentials) than the Balmer spectrum, in the case of helium, 
on the other hand, the band spectrum requires a greater excitation 
than the ordinary series spectra. This seems to me to be quite com- 
patible with the above view, according to which a preliminary condi- 
tion for the genesis of the helium molecule is a considerable loosening 
of the helium atoms. The rule that band spectra are to be attributed 
to molecules and line spectra to atoms is strikingly illustrated by the 
case of the helium bands. The character of the helium band spec- 
trum compels us to assume the transitory existence of a helium mole- 
cule. As this is assumed only for electrical excitation, it by no means 
contradicts the chemical observations which have to do with unexcited 
molecules.” 

To these remarks by Sommerfeld may be added a reference to 
what was said on p. 238 about the two systems of line series exhibited 
by helium, which were originally believed to have their origin in two 
different substances, helium and parhelium. It was there shown that 
helium could not pass from the metastable state to the normal state 
by means of a simple transition accompanied by radiation, but only 
by means of a process analogous to a chemical reaction. It may be 
that the transitory existence of a helium molecule is connected with 
this transition from the metastable to the normal state. 

The structure of the individual bands of helium has been exhaust- 
ively investigated by Curtis,? and the conclusions he has reached are 
of great interest. In the first place, Curtis writes the equations for 
line series in band spectra somewhat differently from the method 


1 Atombau und Spektrallinien, p. 739. 
2 Proc. Roy. Soc., 101, A, 38 (1922); 103, A, 315 (1923); 108, A, 513 (1925). 
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adopted previously. If the change in the rotational quantum number 
be m — 1 ->m, then we have 


2 
V == Vo 4+- Cy — 269m + -em", 
whilst, from the transition m—m — 1 we have 


Vv = vo — Cg + 2¢'gm + com’. 
Here 
eee: 


r 
yy ie al a 5 and = ry —— (Ere 


a in 
Sarl 


I and I, being the moments of inertia before and after the quantum 
jump. As before, we have the zero branch (m —>m) where 
V = V9 + Com. 


Since these three series are usually known as the P, R, and Q series 
we may adopt the usual abbreviation used in line spectra and write 


P(m) = v9 + ¢y — 2¢gm + cgm? 
R(m) = v9 — 9 — 2¢9'm + com? 
Q(m) = v9 + cym?. 


~ 


The helium bands contain the three branches, and of these two may 
at once be identified with the P and Q series, for the values of V9 
obtained by the use of the above formule for the two series are in 
good agreement. On the other hand, the third series, although it 
corresponds to the R type as far as its internal structure is concerned, 
is not correctly situated with respect to the other two, but appears 
to be shifted bodily through a distance of the order of a> <Phis 
series, for m = 0, extrapolates not to vg — c’y, as a genuine R series 
should, but to a value very close to vo. 

In his work on the band heads of the doublet series referred to 
above, Fowler showed that the less refrangible heads, which are the 
Q heads, could be expressed by a Hicks formula, whilst the more 
refrangible heads could not be so expressed. These latter heads 
belong to the displaced R or R’ series, and consequently it would 
seem that Nicholson was incorrect in concluding that the two series 
of heads behave like a principal series in line spectra. The two heads 
are essentially different in nature, the Q head marks the termination 
of a series, whilst the R’ head is merely the turning-point of a series. 

When we come to look into the details of the structure of these 
doublet bands, it is found that they consist in many cases of more 
than one displaced series. The two bands at \ — 6400 and 4546 
contain P, Q, and R branches as well as a displaced P series. The 
band at A= 5730 includes displaced P and R series and an extra 
Q series, in addition to normal P, Q, and R series. In every case the 
lines of the displaced series occur approximately midway between 
the lines of the normal series. 

Now, a great deal of information can be gained by considering the 
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combination principle. For successive bands of the same series, the 
final states of the molecule should be the same. If, for example, in 
the normal P and R branches we consider in any given band the lines 
R(m) and P(m-+ 1), which are respectively due to the transitions 
m—> (m — 1) and m—> (m + 1), the initial states are the same and, 
therefore, the difference R(m) — P(m-+ 1) should be constant for 
all bands of the same series, since the two final states only are in- 
volved. Curtis shows that this difference is actually constant for 
the same value of m, not only for the P and R branches, but also in 
the case of R’(m) and P(m-+ 1). This latter fact, which at first 
appears to be surprising, proves that R’(m) and P(m + 1) must have 
the same initial term. We can, therefore, put 


R’(m) = vo + Fy(m) — F,(m) ) 
and P(m + 1) = v9 + F\(m) — F',(m) J 
where the suffixes 1 and 2 refer to the initial and final states respec- 
tively. The relation between F,(m) and F’,(m) has to be determined, 
and Curtis shows that this is given by 
F’,(m) = Fy(m + 1). 
As regards the form of the functions F,(m) and F,(m), Curtis says 


that, since the wave-numbers can be very nearly represented by a 
quadratic expression in m, the general formula of Kramers.and Pauli ? 


(314) 


F(m) = B(Vm? —o? —«)? ‘ 7 (ee 
may be assumed to reduce to the form 
F(m) = B(m — e)* d ~ 33) 


where B = h/87?1, ch/27 is the angular momentum of the electrons 
about the axis of figure, and eh/27 is the angular momentum of the 
electrons about the perpendicular axis in the plane containing their 
resultant angular momentum. 

We have, therefore, 
R’(m) — P(m + 1) = F,(m + 1) — F,(m) = 2Bym + B,(1 — 2€) (34) 
The combination difference is very nearly linear in m, as is required 
by (34), and may be expressed by the interpolation formula 
R’(m) — P(m + 1) = 15:1 + 60-783m — 0-0500m® — 0-0333m* —_ (35) 
If we neglect the terms in m? and m® and compare (35) with (34) we 
obtain 

B, = 30°39 and e, = + 02510, 

and therefore F,(m) = 30-39(m — 4)? very nearly. 

In order to find F,(m) the final terms are eliminated by forming 
the differences 


R’(m) — P(m) = F\(m) — F\(m — 1) = 2B,(m) — B,(1 + 24) (36) 


1 LZeitsch. fiir Phys., 13) 351 (1923). 
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and Curtis shows that the values vary from band to band. Approxi- 
mate values of the constants were found, for example the interpola- 
tion formula for the band at A= 4650 was 


Ri(m) — P(m) = — 14-43 + 57-019m — 0:0340m® — 0-02733m3 (37) 
From this j 
1 == 28-51 and e, = — 0-247. 
We thus arrive at the approximate representation 
R'(m) = 0a 28-51 (m Sree es 30:39(m — 4)? | (38) 
P(m) = v9 + 28-51(m — 1 + 4)? — 30-39(m— })2 f 


That is to say, the two branches are derived from the same two sets 
of states, the initial set being characterised by an effective quantum 
number (m + 4), and the final set by (m — 4). The R’ branch results 
from a virtual decrease of } in the quantum number, and the P 
branch from an increase of the same amount. 

In the case of the Q branch this satisfies no combination principle 
with the other branches, and hence it must involve a different set of 
initial states. The close grouping of the lines suggests a transition 
of the type (m — «,) > (m — e,) where €, and €y are not very different. 


It is natural to try the same values of € as before, namely + 3. Since 


no combination relationships exist, €; cannot be — 1, and therefore 


we may try €; = €, = + 4, when the formula becomes 
Q(m) = vo + Bim — 2)?—Bim—B2 . .. (39) 


Curtis shows that this formula gives a consistent and accurate repre- 
sentation of the series. The three branches may therefore be regarded 
as arising from the following rotational changes 


Ri(m) = (m + 3) > (m — }) 
Pim) =(m+9)—1>(m—}h 
Qim) =(m — 3) (m— ). 


The other transitions, which are possible in addition to these, actually 
occur in the band at A = 5730, and are 


Rom) =(m — 3) +1>(m +H 

Pi(m) = (m — 3) > (m+) 

Qalm) = (m + 4) > (m + 9). 
The foregoing has been based on the assumption that the Kramers 
and Pauli formula degenerates in this case into the form 
F(m) = Bim — e)?. This, however, is only an approximation which 
may hold quite well for small values of m. Kratzer 1 has shown that 
the complete expression should be of the form 


F(m) = Bim — 6)? — B(m — e)* + » {403 


II 


 Zettsch. fiir Phys., 16, 353 (1924). 
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Be 
where B = — v;, being the frequency of the nuclear vibrations of 


k 
vanishingly small amplitude. 

Curtis applies (40) to the combination differences R’(m) — P(m-+-1). 
From the means of these differences for the bands at A = 4650 and 
A = 3680 he obtains by the method of least squares the following 
interpolation formula :— 


R’(m) — P(m + 1) = 15-15 + 60-714m — 0-0287m2 — 0-03525m? (41) 
and the theoretical expression to which this should be equivalent is 
R’(m) — P(m + 1) = B(1 — 2e) — B(1 — 4e + 6c? — 43) 
+ 2[B — 2B(1 — 3e + 3e?)|m — 6B(1 — 2€)m? — 4Bm 3 (42) 
From (42) and (41) we obtain 
B = 30-365, 8B = + 0-00881, « = + 0-25052. 


The value of e€ is so nearly } that « = } exactly was tried, and then 
by the method of least squares the values of B and B were found to 
be 
B = 30°3571, B = 0:00883. 
The final formula 
F,(m) = 30°3571(m — 4)? — 0:00883(m — })4 


was found to give remarkably close agreement, the differences between 
observed and calculated values lying between 0-01 and — 0-02. ‘This 
affords good evidence of the validity of the theoretical formula and 
the exactness of the } value for e. 

In the case of the initial R’P terms it has already been pointed 
out that each band has its own set of initial terms and consequently 
each band must be treated separately. The final values of the 
constants are given in Table CCX. XIII., from which it can be seen that 
in four out of six bands e is definitely less than . 

In the case of the initial Q terms the problem is somewhat different. 
It was shown above that in all probability the final terms are identical 
with those of the R’ and P branches, and this view seems to be con- 
firmed by the fact that all the Q branches can be well represented by 
employing the same final terms as before. We write, therefore, 

Q(m) = vg + B(m — «)? — B(m — e)* — F,(m), 
and by the use of the values obtained by F,(m) the four constants can 
be evaluated. The value of ¢€ is then so near to } that it is evidently 
necessary to try «= } and the values obtained in this way by the 
method of least squares are given in Table CCXXIV. 

The term v» which originates in a change of electronic and perhaps 
also nuclear energy was eliminated in the process of determining 
F,(m) and F,(m), but now that we know these it can be calculated 
from the wave-number of any R’ or P line, thus 


¥o = R’'(m) — F,(m) + FR (m) = P(m) — F,(m — 1) + F,(m). 
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TABLE CCXXIII. 
(O — C) x 100, R’(m) — P(m). 
Band. B. B. ey j 
2. 3 4. 5. 6. 7 8. m. 
A4650 | 28-4100] + 0-00801 4 fe) + 2 I + I 2} 0. |+ 3 
3680 | 27-8691 0:00717 4 —2 = Ws aie Se ai o| +2]/—2 
335° | 27°7792 0°00744 |0:21707] + 174* 5 Ed 7 “ipa 
3200 | 26-8906 0:00690 | 0:22896 fe) fo) fe) 
3120} 26°553 (00065) |0:2041 fe) fe) 
3070 | 26°587 (0:00655) | 0-1391 fe) ) 


~* Denotes affected by perturbation and therefore not used in determining constants, 


TABLE CCXXIV. 


(O —C) x roo, 

Band. "9 By. " By. 

Ts 2 Be 4. 5 6. Ta 8. 
4650 | 21507-33 | 28-69289| 4 | 000824] o |+2 |—x1 fe) 3 + I 2 I 
3680 | 27193°05 | 28-54060 | 4 | 0-00839|+ 9 |+ 4 I 18 |—208*]+ 7 4 |+1 
3350 | 29785°52 | 28-45537 | 4 | 0-00803 |-+ 18]— 10/4 127*|—13/+6 |+12/—9 fe) 
3200 | 311 80°04 | 28-44743 | 4 | 0-00836 |+ 3 10|+ 20 8 21 {+ 30/— 14/+ 2 
3120 | 32016°88 | 28-44756 | + | 0-00862|+ 12|+ 1 8 6 9 17|+ 12| — 
3070 | 325506°83 | 28-43244 | 4 | 0-00857 |+ 16|— 5 5 7 13. (+ 2. Poel 
3036 | 32926-42 | 28-4225 | 4 | 0-00944/+ 3 |—17|+ 24 14|+ 4 
3012 | 33189-02 | 285206 | 4 | o-01471|/+ 8 |4+2 |— 3 + 27|— 6 


* Perturbed. Neglected in obtaining formule. 


The values of v, calculated from the Q branches (by the method of 


least squares from all the lines) were included i 
but they are repeated in Table CCXXV., which c 


values determined from all the R’ and P lines. 


These results present several features of interest. 


the systematic decrease in vy 


Q value of vy 


ones. 


In the second pl 


n Table CCXXIV., 


ontains the separate 


In the first place, 
with increasing m may be noted in the 
band of A = 4650, the opposite being the case in the bands at \ — 
and A = 3350. 
vide any reliable evidence. 
between the two values (Q and R’P) 
rapidly toward the limit of the series. 
an enormous value, even though the perturbed 
entirely neglected. Since this anomaly 
turbed values of R’(1) and P(2) 
is based on the perturbed Q(3) 
is possible that the apparently perturbed lin 
positions and that the remaining lines are ir 


3680 
The data in the other three bands are too few to pro- 
ace, there is a discrepancy 
for each band, and this increases 
The band at A= 3350 gives 
values have been 
is reduced by using the per- 
, and practically disappears if the 
stronger component, it 
es are in their normal 
n reality the perturbed 
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TABLE CCXXy., 


VALUES OF » DERIVED FROM EACH LINE OF MAIN SErIEs. 


Band A. Yr. 2 3. Ae 5. 6. re 8. 9 m. 
R’| (21507°47) 07°35 07°31. | 07°25 | 07:26 | oF-19 | 07-14 O7"II |(o 
7°27) 
4050~ P 07°3 072 O7'2 O7*2 : . 08 70 
18 Seen 5 7°29 7°27 7°24 | 07-21 | 07°14 | 07-08 | (07 10) 
R’ (27193'22) | 93-25 | (92°54)*! (93-94) | 93-01 | 93-99 | 94°07 94°10 
3680~ P 93°27 | (93°30) |(92°59)"| 93-91 | 93°98 | 94-05 | 94-12 
Q | 27193:05 
R’| (29787-43)*| 88-98 | 88-85 | 89-04 | 88-97 | — —_ | 90°34 | (88-64) 
3350~ P 87:24)*] 88-90 | 88-93 | 89:04 | (89-06) | (89°58)} 90-3 42) 
E Pogues 33 | (90°42) 
R’| (31181-04) | 81-27 | 81-06 | 81-33 ~ | (84°59) | (88-79) | (94°72) 
3200+ P 81-27 | 81-05 | 81-33 | (81-35) (82°37) | (84-92) | (89-10) 
Q | 31180-04 
“R’| 32018°79 | 1858 | 18-43 — —— (28:20) 
3120<~ P 18°57 | 18:44 | (18-13) | (19°18) | (22-29) 
Q | 32016°88 
) 
“1 (32560:97) | 61:28 | 61-09 — — 
3070< P 61:28 61-09 | (61-11) | (62°82) 
Q | 32556°83 


The Q value is derived from all the lines in the branch by the method of least squares, 
* Denotes perturbed lines. Values in brackets are from lines not used in calculating the 
terms, z.e. they are extrapolated. 


It has already been mentioned that Fowler expressed the wave- 
numbers of the Q heads by a Hicks formula, but it must be remem- 
bered that it is vg and not Q(1) which represents the electronic 
contribution to the radiation. Curtis finds that the values of the 
Q branches can be expressed by 


pee ONES 
(m — 0-928075 — 0:000449/m)? 


Vo = 34301°82 


— 
ws 
ios) 

— 


and in Table CCX XVI. are given the errors O — C, the initial terms 
and the ‘‘ effective quantum number” YN/v. The agreement is as 
good as in an ordinary line series. 
Although the perturbations of certain lines have been referred to 
they have up to now been disregarded. As a matter of fact it is not 
VOL. Ti 33 
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TABLE CCXXVI. 


Band. GeIe Initial term. paaescabd gs 

A4650 Oy 12794°49 29278 
3680 Om 7108-77 3°9279 
3350 + 0:03 4516°30 4°9280 
3200 — 0:69 3121°78 * 5°9273 
3120 + 0-16 2284:04 6:9282 
3070 o* 1744°99 7°9280 
3036 +P 0°57 1375°40 89299 
3012 — 0:06 II12°80 9:9278 


Effective quantum number corresponding to common final term 34301°82 = 


1-7882, 


* Denotes used in derivation of constants. 


an infrequent occurrence for a particular line to be sensibly displaced 
from its theoretical position in a band series. Kratzer has shown 
that this phenomenon has its origin in the initial term, that is to say, 
the energised molecule possesses for a certain velocity of rotation a 
slightly abnormal configuration. In the helium doublet band system 
now under consideration there are six perturbed lines, the displace- 
ment (O — C) being 


Band at A = 3680. Band at A = 3350. 
R’(3) F103 Bete 
P(4) — 1-02 P(2) SECS 
Q(5) — 2-08 (stronger) Q(3) + 1-27 (stronger) 


+ 4:43 (weaker) — 2:27 (weaker) 


Since R’(m) and P(m + 1) suffer identical perturbations (which is 
established by the absence of perturbation in R'(m) — P(m + 1)) it 
follows that it is the initial term which is affected as is usually the 
case. Q(m + 2) is also perturbed in each case, but there is no obvious 
explanation of this, and it may be due to mere coincidence. The 
resolution of the perturbed Q lines into two components which are 
displaced in opposite directions is novel, and it is of some interest 
that the sum of thé intensities of the two components is about equal 
to that of the expected line. Again, the fact that the displacement of 
the weaker component is about twice that of the stronger indicates 
that the perturbation is an actual resolution and is, therefore, of a 
new type. 

Curtis remarks that the R’P perturbation is not so simple as it 
at first sight might appear. It is worthy of remark that the per- 
turbation is not confined to one line, but extends in a lesser degree to 
several lines in the vicinity of the one most perturbed. This is not 
the case in the Q branches, and when considered in conjunction with 
the resolution of the perturbed Q lines it suggests that there may be 


EMISSION BAND SPECTRA 515 


some characteristic difference between the two phenomena in the R’P 
and the Q branches. 

I have given a somewhat full account of this work of Curtis on 
the band spectrum of helium because it seems to be of very great 
importance. By his investigations we have learned more about the 
helium molecule than about any other, and in particular the arrange- 
ment of the Q bands in an atomic line series gives evidence which 
will lead to most valuable information about the electron arrange- 
ment within the molecule. Curtis discusses his results at some 
length in his last paper, and in view of the interest which must be 
aroused by his conclusions no apology is needed for the following 
excerpts. In the first place, the structure of the bands indicates that 
the radiating system is a diatomic molecule, since we know that the 
bands given by the H,O and similar molecules are more complicated. 
It may therefore be assumed that two helium nuclei give rise to 
practically the whole of the mass and moment of inertia of the mole- 
cule. The latter may be calculated directly from the values of B 
already given, since 

2 
Serie 

where v is the velocity of light. Then, the masses of the nuclei being 
known, their distance apart follows at once. So much is possible for 
any molecule, the bands of which are capable of theoretical interpre- 
tation. In the case of the helium molecule we have also terms which 
.give some information of the electron orbits. Since the series equa- 
tion (43) for the Q values of vg contains N = 109678-3, the series is 
of the are type, and therefore the He, molecule must be electrically 
neutral, that is to say, there must be four electrons, one of which 
radiates, An approximate estimate of the dimensions of the orbit 
of the latter may be obtained in the following way. 

The total energy of the electron, if it move in an elliptic orbit of 
major semi-axis a under the influence of a constant charge E will be 
— Ee/2a, but, owing to the influence of the other three electrons, 
the effective value of E will not be constant. The orbit will there- 
fore not be truly elliptical, but the simple formula should suffice to 
determine the order of magnitude of the orbit. The corresponding 
term 


will therefore be approximately proportional to a1. If ay represents 
the radius of the 1, orbit for hydrogen, the corresponding term is N, 
the Rydberg constant. Hence 


Vv ay 
N ne 
N 
and a= —dy. 
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In Table CCX XVII are given the values of the moment of inertia, 
separations (27) of the nuclei, and a. 


TABLE CCXXVILI. 


Band. State. Te x00, 21. a 

4650 Initial (7 +- 3) 0:9718 gm. cm?. 0°543 A. 4°54 A. 
3680 ”? ” 0°9907 oe) 07548 818 

3350 5p 9% 0°9939 ss, 0°549 12:87 

3200 45 « 1:0268 me 0°558 18-62 

3120 ” ” 1:0397 2 0-561 25°44 

3070 - 5 1:0384 a O'561 23°31 

All >, (m—H) 0:9689 rs 0°542 As for (m + 4) 
All Final (7 — 4) 0°9095 <9 0°525 1-695 


Notr.—The electron orbits associated with the initial (# — 4) states are practically 
indistinguishable from the corresponding (7 + 4) values. 


We cannot determine the azimuthal quantum number of the orbits, 
but since the “ effective quantum numbers ”’ of the final and inmost 
initial orbits are 1:79 and 2-93 (see Table CCX XVI. on p. 514), the 
total quantum numbers are probably 2 and 3 respectively. The 
transitions might therefore be 3; — 2, (diffuse), 3, — 2, (principal) or 
31 — 22 (sharp). Some of this uncertainty would disappear if it were 
known whether a further member exists corresponding to m= 1, 
which would occur at about A= 2-09. Curtis has commenced a 
search for helium bands in the infra-red region. 

It appears that in the final state the orbit of the radiating electron 
is nearly seven times larger than the distance between the nuclei, 
and in the initial state this electron may retire to a much greater 
distance with comparatively little effect on the nuclear separation. 
The inference is that the latter is mainly determined by the position 
of the other three electrons, some, at least, of which are much closer 
in than the one which radiates, since this appears to be too far distant 
to play any essential part in the binding of the nuclei. We thus 
obtain some concrete evidence in favour of the suggestion made on 
p. 507 as to the formation of the He, molecule. 

Again, in the initial (m +- }) states the distance apart of the nuclei 
perceptibly increases as the electrons recede from them, and when 
the electron comes closer in, as in the final (m — }) state, the separa- 
tion decreases. It is remarkable that no such effect exists in the case 
of the initial (m — 3) states, for here the moment of inertia remains 
sensibly constant whatever the position of the electron. The only 
essential difference between the two sets of states (m + 4) consists 
in the sense of the angular momentum of the electrons. At present 
it is not possible to explain why in the one case and not in the other 
the position of the radiating electron should affect the size of the 
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molecule, and it may be that in this may be found an important clue 
to the structure of the He, molecule. 

Another point of interest arises over the difference between the 
values of vy derived from the R’P and Q branches. We may write 
AW,* and hW,~ for the initial values of the electronic energy in the 
m+ % and the m — } states, respectively, and hW,* and hW,~ for 
the two final states, since hvyy = W, — W,. The complete expressions 
for the three branches will then be 


R'(m) = W,* — W,7 + F,(m 4 
Pim) = W,* — W,- + Fim —1+ 4) —E(m—} 
Om) =W, — W.--+- B(m y= Fa —"4). 
The differences betweem the two values of vg will be given by 
Yo = 14e =— W —W,. 


) — F,(m — 2) 


eRe Re Be 


We saw previously that this is negligible for the inner orbits, but in- 
creases with the electronic quantum number. In other words, the 
two states (m + 4) are practically identical when the electron occupies 
an inner orbit, but they differ appreciably when it moves out. Since 
this agrees with what has already been found from consideration of 
the moments of inertia, there is no difficulty in accounting for the two 
values of vy; in fact, the difference between them is surprisingly small. 

The frequency vg has been assumed to be entirely electronic in 
character, but it is possible that it may be partly due to nuclear 
vibrations. The fundamental frequency of such should be given by 
2v4/B3/B, and if this remains the same for different positions of the 
radiating electron, the values of /B3/B should be the same for all 
states of the molecule. The actual values of v, = 2\/B3/B are as 
follows :— 


Final R’P state 3560 cm, 
Initial Q state (average) 3330 

7 RP state @6so 3380 

, R’P state 3680 3480 

wo RP state 3850 3400 

» R&P state 3200 33600 


Mean 3420cm.7! 


The agreement is good; if nuclear vibrations occur we should expect 
to find bands of similar nature at a distance of about 3400 cm.~! from 
the bands now under discussion, If such bands exist their intensity 
must be very small, since no other similar bands have been found 
anywhere between A = 7000 and A = 2000. 

The bands considered in the foregoing belong to what Curtis calls 
the main series of doublet bands, and there are four other doublet 
bands at A= 5130, 4000, 3630 and 3460, which he calls the second 
series. The structure of these is quite analogous to that of the main 
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series, including the two states (m + 4). The only two points worthy 
of remark here are (1) that the difference between the two values of 
vo determined from the R’P and Q branches has the opposite sign 
compared with the difference in the main series, and (2) that the four 
values of vg from the Q branches can be represented by the formula 


109678-3 
(m + 0:964366)?" 


Vg = 31958-14 


An obvious possibility is that this second series is related to the 
main series in the sense that they differ only in respect of nuclear 
vibration terms. Against this it can be argued (1) that the difference 
in the wave-numbers of the corresponding members is not 3400 but 
about 2000 cm.~}, and (2) that the electron terms are considerably 
different in the two series. 

It is quite possible that no nuclear vibration at all can take place 
and that an unstable molecule such as He, can only exist so long as 
the nuclei are at rest relatively to one another. An approximate 
calculation, based on the value 3400 cm. ~1 for the fundamental vibra- 
tion number and assuming simple harmonic vibrations, indicates for the 
one-quantum state an amplitude of about one-fifth of the distance 
between the nuclei. It would not be surprising if an unstable molecule 
failed to survive such a violent disturbance. 

In conclusion, the theory of emission band spectra, since it involves 
an electron transmission as part of the radiating mechanism, would 
lead us to expect the occurrence of band head series arranged accord- 
ing to line series laws. As far as our present knowledge extends, the 
helium bands are the only two groups which fulfil this expectation. 
We must conclude that there is, in general, an essential difference 
between the circumstances of electronic emission from atoms and 
molecules. Whatever the cause, it appears that in the latter case 
there is no set of stationary electron states, such as occur in the 
former, or else that, if such exist, their energies are distributed accord- 
ing to a different law. Curtis suggests the following explanation for 
this. A molecule depends for its existence upon a special configura- 
tion of the electrons belonging to the outer shells of the constituent 
atoms, and it may be impossible to remove one of these electrons 
without causing the dissociation of the molecule. In other cases the 
molecule may continue to exist, but with such a different configura- 
tion that the energy of the radiating electron differs considerably 
from the value it would have had if the molecule had remained as 
before. The two cases correspond to the two possibilities suggested 
above. Or, again, the energy required to displace an electron may 
exceed that required to break up the molecule. The atom, on the 
other hand, is practically unaffected ‘by the position of the radiating 
electron, which may therefore occupy any one of a series of tempor- 
arily stable orbits. 


It must be admitted, however, that these considerations are not 
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entirely valid for a molecule capable of taking up a positive charge, 
for if, as this implies, it can survive the complete removal of an electron, 
it would seem reasonable to expect a series of intermediate states 
comparable with those characteristic of an excited atom, and therefore 
giving rise to a series of bands arranged after the manner of a line 
series. This feature of the present bands is no doubt to be attributed 
to the exceptional constitution of the helium molecule concerned. 
It is probably formed from two excited helium atoms, so that at 
least one of the four electrons will be in an ‘‘ outer” orbit already, 
and may, in consequence, move still farther out without appreciable 
effect on the molecule. 

An interesting paper on the secondary or band spectrum of hydro- 
gen has recently been published by Kiuti,! who describes the excita- 
tion of this spectrum by means of the arc discharge between a bundle 
of tungsten filaments and a block of tungsten or molybdenum in 
hydrogen at 460 mm. pressure. The spectrum contains many lines 
of large intensity in the region of longer wave-lengths than 5650 A., 
those of shorter wave-length being of feeble intensity. 

It was found that between A = 5950 and A = 5800 there are seven 
conspicuous lines which seem to obey the parabolic law of arrange- 
ment. The wavé-lengths of these lines were accurately determined, 
and these are given in Table CCX XVIII. :— 


TABLE CCXXVIII. 


mM. din LA. v obs. in vacuo. v calc, Obs.—Cale. Remarks. 
I §812°53 17199°45 17199°47 — 0°02 

2 5819°39 1717917 1717905 + o-12 Broad. 

3 §831-00 17144°98 17145°03 =)0:05 

4 5847-28 1709723 1709739 S10 

5 5868-21 1703627 17036°15 + orl2 

6 5894-04 16961:60 16961°29 + 0°31 Complex. 
7 592502 16872:81 16872°82 — oo! 


The calculated values are given by the formula 
v = 17206:28 — 6-8052m?, 


the constants being determined by the method of least squares from 
six of the measurements, m= 6 being omitted because this line is 
probably complex. 

This series must thus be the Q series of a complete band, and 
Kiuti shows that the R and P series are given by the Fulcher bands. 
Now the green band of these consists of triplets, and if the curves be 
plotted with v as abscissa and m as ordinate these three curves inter- 
sect the curve of the Q series at the point m=}. Arguing from 


1 Nagaoka Anniversary Volume, p. 193, Tokyo, 1925. 
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Curtis’ results with the helium bands Kiuti concludes that these 
green bands form the R series. On the other hand, the red Fulcher 
bands which also contain triplets give a curve which cuts the Q curve 
very nearly at m= 0 and, consequently, these may be taken as the 
P’ series. The red Fulcher bands also contain four other series which 
seem to be the P series, since their curve cuts the Q series curve at 
the point m= 4. The final formule given by Kiuti are 


P series vy = 17338-68 — 315-67 m + 5810 m? 
PD sériesiv =='£7207-44 — 308-947 m + 5-528 m2 
Q series vy = 17206-28 — 6-8052 m? 

R series v = 16963-57 — 342-170 m + 7-0825 m?. 
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hydrogen chloride, 484. 
effect of isotopes, 489. 
hydrogen cyanide, 487. 
iodine, 497. 
methane, 479. 
nitrogen, 471, 473, 478. 
oxygen, 479. 
ozone, 479. 
- water, 503. 
oscillation quantum number, 486, 
494. . 
overtone bands, 487. 
P, Q, and R series, 482, 4or. 
partial bands, 492. 
positive, negative and zero series, 
491. 
rotational quantum number, 484, 
491. 
rotation spectra, 482. 
rotation-vibration spectra, 483. 
theory of, 480 e¢ seq. 
- visible and ultra-violet 
theory of, 490. 
Beryllium, £p* multiplet of Be I, 292. 
— regular and irregular doublets of 
Be II, 270, 273. 
Bohr theory of spectra, the, 63. 
Boron, ~p* multiplet of B Li oe: 
~~ regular and irregular doublets of B if 
271. 
BII, 270, 273, 281. 
BIII, 277. 
— series lines of B II, 295 
eS UL, SS. 


bands, 


€ 


Calcium, enhanced lines Ol 7, 
tonisation and resonance potentials of, 


73: 
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Carbon, band spectra of, 479. 
— pp* multiplets of C IL and CITI, 292, 


293. 
— regular and irregular doublets of CI, 
276. 
(CAME Dyfi 


CRIN F527.0),9273% 

Chlorine, £p* multiplets of Cl V and 
CiVilezo220R. 

— regular and irregular doublets of 

CIV ,.288, 200, 

CIV T2855 

CIN 232- 

— series lines of Cl V, 290. 

— — — — CIVI, 287. 

Chromium, absorption lines of, 186. 

— quintet and septet terms, 134, 174. 

— Stark effect, 448. 

— Zeeman patterns and determination 
of g, 362. 

Collateral series, 48. 

Constant, Planck’s, 64. 

—— Rydberg’s, 10, 39, 62, 66. 

— screening, 256, 259. 

Copper, Stark effect, 454. 

Cyanogen band spectrum, 471, 495, 501, 


593. 


D 


Displaced series in band spectra, 508. 
— igsioseky Ani 
Doublets, regular and irregular, in X-ray 
spectra, 260, 261, 262, 
264. 
extension to optical] region 
270, 273, 277- 


E 


Electronic orbits of the atoms, 230. 
Enhanced lines, 39, 75. 


¥F 


Fluorescence of iodine, 497. 
Fulcher bancs of hydrogen, 504, 519. 


G 


Gold, Stark effect, 454. 


II 


Helium atom, normal and metastable, 
238. 


Helium, band system, 505. 

— —~ — combination principle, 508. 

— — — displaced series, 508. 

-— — —— P, ©. and-Reseries 508: 

—— — pexturpauons, 513 

— — — quarter-integral quantum num- 
bers, 509. 

— fine structure of lines, 251. 

— ionisation and resonance potentials, 


— ionised, Pickering and 4686 series, 
18, 26, 76, 79. 
— molecule, 506, 515. 
— — moment of inertia of, 516. 
— Stark effect, 434, 443. 
— — — invalidation of selection prin- 
ciple, 45 3. 
Hydrogen; band spectrum, 504, oe 
fine structure of lines, 242, 248, 2 
— ionisation and resonance noeneee 
73. 
— lines, complexity of, 40. 
— molecule, Fulcher bands, 504, 519. 
— — moment of inertia, 504. 
— — rotational quantum number, 505. 
—— relativity formula, Sommerfeld’ s, 246. 
— _ series formula, Balmer’s, 1, 109. 
— — — Bohr’s, 66. 
— — — Sommerfeld’s, 107. 
— Stark effect, 419, 458. 
— — — asymmetry with Hy line, 423. 
— — — FEpstein’s first order formula, 
460, 
— application to 
Stark’s meas- 
urements, 462. 
— —  — — second order differences, 
467. 
Hydrogen chloride, infra-red absorption 
band, 484. 
— — — — — effect of isotopes, 489. 
— cyanide, emission bands of, 487. 


I 


Interval factor y in Zeeman effect, 382. 
— rule, Landé’s, 149. 
Iodine, band spectrum of, 497. 
Ionisation potentials, 70, 72. 
Ionised atoms, nomenclature of, St. 
Iron, absorption lines of, 201. 
— displaced terms, 211. 
— multiplets in spectrum of, 187, 203. 
Stark effect, 456. 
—  -—  — comparison with pole effect, 
450. 
triplet, quintet and septet terms of, 
187. 
Isotopes, band spectra of, 489. 
line spectra of, 53. 
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L 


Law, Burger and Dorgelo’s, of summa- 
tion of intensities, 166, 187. 

— Hertz, of irregular doublets, 261. 

— Kossel, of wave-lengths in X-ray 
spectra, 257. 

— Kossel and Sommerfeld, of spectro- 
scopic displacement, 59, 80, 85, 140, 
154. 

— Lande, of intervals, 383. 

— Moseley, of wave-lengths in X-ray 
spectra, 255. 

— Preston, of magnetic resolution, 310. 

Runge, of fundamental series, 30. 

— — of magnetic resolution, 314, 334. 

failure of, 392. 

Rydberg, of alternation, 38, 80, 211, 

PNG 

— Rydberg-Schuster, of relation be- 
tween principal and sharp series, 
LSS YO, O72, 

— Sommerfeld, of intensities, 114, 118. 

— — of magneto-optic resolution, 321. 

Line spectra, constant wave-number 

differences in, 5. 

— — homologous series in, 5. 

Links, 49. 

Lithium, regular and irregular doublets 
of, 270, 273, 277. 

— Stark effect, 440, 444. 


M 


Magnesium, enhanced lines of, 77. 
— pp* multiplet of Mg I, 292. 
— regular and irregular doublets of 
Mg I, 276, 285. 
~ = Mg I, 274, 275,277, 
282. 


Magneton, the Bohr, 333. 
Manganese, identification of spectral 
terms, I50. 

— ionised, uneven multiplicity of terms, 
154. 

neutral, even multiplicity of terms, 
149. 

— series system of Mn I, 120, 

oe Se IMG NINE, Tia, 

Zeeman patterns and determination 
of , 344. 

Mercury, ionisation and resonance poten- 
tials of, 72. 

Methane, band spectrum of, 479, 

Molybdenum, Stark effect, 455. 

Multiplets, discovery of, 110, 

— in spectra of chromium, LRA As 
ee ILOL a Oe OOe 
a eae MeN Panese slob. ns, 

a Sa gyilhctonoy stores, 
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Multiplets, intensities of the lines of, 156. 
— pp*, and two electron jumps, 290. 
Multiplicity of spectral terms, 112, 135. 


N 


Neon, series system of, 212. 

— Zeeman effect, 398. 

Nitrogen, negative band spectrum, 471, 
478. 

— positive band spectrum, 473, 478. 

— pp* multiplets of N III and N IV, 292, 


293. 
— regular and irregular doublets of N I, 
Pe 
NII, 276. 
INDE 27a 
I WY 7 Oly 27a 
O 
Oun, 48, 50. 


Oxygen, band spectrum of, 479. 

— ionisation potential of O II, 224. 

— pp* multiplet of OIV, 293. 

— regular and irregular doublets of 
OF 272: 

OU, 276; 

OVS 277. 

— series system of O II, 223. 

Ozone, band spectra of, 479. 


P. 


Phosphorus, 4* multiplets of P III and 
e290 25208 
— regular and irregular doublets of 
PIII, 288. 
- - PAV We7on 205e 
- PN, 274, 278282u 
—} series lines!of Pll. 388: 
Sa Ss PII, OO, 
Se SS PWG, 8 
Polarisation, rule of, 110, 319. 


Q 


Quantum number, azimuthal, 105, 316. 

— — — characterisation of sharp, prin- 
cipal, diffuse, and funda- 
mental terms by, 109. 

~ selection principle, 110, 188, 

202), 210), 

effective, 92. 

- equatorial, 316. 

— — — maximum value of, 323, 328, 


SUBFECT INDEX 


Quantum number, equatorial, permitted 
transitions in, 325, 329, 383. 

half-integral, 144, B22: 

inner snis, 036, 


— — — absolute-values of, 141. 
— — — conventional nomenclature, 
145. 


intensities dependent on, 114, 


118, 166, 187. 


— — — reversed terms, 90, 139, 185, 
201, 209. 

— — — selection principle, 114, 117, 
188. 

— — — summation rule of intensities, 
167, 187. 

— — — vector summation, 142. 


latitudinal, 316. 

oscillational, 486, 494. 

permitted transitions in, 114, I17, 
118, 140, 146. 

quarter-integral, 509. 

radial, 105, 316. 

rotational, 484, 491. 

rule of intensity, 114, 118, 138, 

total, 85, 107. 


R 


Relativity correction and fine structure of 


lines, 242, 246. 
Resolution factor g in Zeeman effect, 329, 
331, 337, 344, 362, 367. 
Resonance potentials, 70, 72. 
Reversed terms, 99, 139, 185, 201, 
Rule of polarisation, TIO SLOe 
Rydberg constant, the, 10, 39, 62, 66. 


209, 


Ss 


Scandium, doublet and quartet terms of, 
187. 

Selection principle, 110, 188, 202, 210, 
319. 

Silicon, #p* multiplets of Si II and Si ITI, 

292, 293. 
— regular and irregular doublets of 
Si III, 276, 285. 

: : SiIV, 274, 282. 

— series system of Si I, 89. 

— — — — Sill, 92. 

———-— Si in 98. 

SilV, “se 

Silver, Stark effect, 45 3. 

Sodium, ionisation and resonance poten- 


tials, 72. 
— regular and irregular doublets of, 274, 
275, 2 282. 
Spectral series, allocation of lines in, 299. 
— — asterisk terms, 90, 117, 188, 290. 
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Spectral series, asterisk terms, and non- 
asterisk terms, combination be- 
tween, 202, 210, 223, 225. 

- atomic weight term of Hicks, 42. 

- azimuthal quantum number, 105, 

BLO. 
— -— — characterisation of 
sharp, principal, dif- 
fuse, and fundamen- 
tal terms by, 109. 
selection principle, 110, 
188, 202, 210. 
Bergman’s series, 28. 
Bohr’s theory of, 63. 


—  — chromium, absorption lines of, 
186. 
— — — quintet and septet terms of, 
134, 174. 


collateral lines and series, 48. 
combination lines and series, 27, 


37. 

—  — complex spectra, theory of, 212, 
229. 

— — complexity of hydrogen lines, 40, 
242, 248, 252. 


displaced terms, 211. 

effective quantum number, 92. 
enhanced lines, 39, 75. 

of the alkaline earth metals, 


78. 
“= —- — — hehum, 76, 79. 
— first and second subordinate series, 
Dis, 
— — formula, Balmer’s, 1, 109. 
— — — Hicks’, 29, 40. 
— — — Ritz’, 24, 26, 109. 
— — — Runge’s, 4. 
— — — Rydberg’ SOs el 
_ — — — Nicholson’s Noahs 


59. 
—  — — Sommerfeld’s hydrogen, 107. 
- fundamental series, 28. 
helium, fine structure of lines, 251. 
- — Pickering and 4686 series, 18, 
26, 76, 79. 

- hydrogen, fine structure of lines, 
242, 248, 252. 
relativity formula, 

feld’s, 246. 
—. inner quantum number, 113, 136. 
absolute values of, I41. 


Sommer- 


— — — — conventional nomen- 
clature, 145. 
— — — — —jntensities dependent 


on, 114, 118, 166, 187. 
= ee - vector summation, 142. 
— .. intensities governed by inner quan- 
tum number transitions, I1I4, 
IIS, £30,167, £S7- 
interval rule, 149. 


ionisation potentials, 70, 72. 
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Spectral series, ionised atoms, Fowler’s 


investigations, 76, 223. 

— — nomenclature, 81. 
iron, absorption lines of, 201. 
— triplet, quintet, and septet 

terms, 187. 
Kepler orbits, 63. 
— — plane quantisation of, 105. 
law of alternation, 38, 80, 211, 217. 


— — spectroscopic displace- 
ment, 59, So, 85 , 140, 
154. 

links, 49. 


Mg 


magnesium, series system of 
I, 77. 

manganese, identification of spec- 
tral terms, 150. 

ionised, uneven multiplicity of 
terms, 154. 

— multiplets in the spectra of, 
119. 

neutral, even multiplicity of 
terms, 149, 

series system of MnT, 110, 


Mnriitre: 

multiplets, discovery of, 119. 

— of higher order of complexity, 
212, 229, 

multiplicity of terms, 112, 136, 

negative wave-numbers, 36. 

neon, series system of, 213. 


— pp* multiplets, 90, 290 


— — simultaneous jump of two 
electrons, 291. 
phosphorus, series lines of P III, 
288, 


PIV, 286. 


1D Wh, AS. 

Pickering and 4686 series, 18, 76. 

plane quantisation of Kepler or- 
bits, 105. 

plotting of, 68. 

principal, sharp and diffuse, 13. 

quantum theory of series systems, 
107, 

radial quantum number, 105. 

relation between those of elements 
of one family, 54. 

relativity formula, 242, 246. 

resonance potentials, 70, 72. 

reversed terms, 90, 139, 185, 201, 
209, 

rule of polarisation, 110, 319. 

Runge’s law, 30. 

Rydberg’s interpolation table, 300. 

Rydberg-Schuster law, USe 3On 
62 


satellites in, 16, 23. 

—- — doublets and triplets, 32. 

scandium, doublet and quartet 
terms of, 187, 


Spectral series, selection principle, 110, 


114, 117, 188, 202, 210. 
silicon series system of Sil, 89. 


si II, 92. 


Si ILI, 08. 
Sie oae 


simple systems, architecture of, 28. 

singlet and triplet series, 32. 

stationary states of atoms, 64. 

structure of diffuse doublets and 
triplets, 34. 

— — fundamental triplet, 36. 

subordinate series, 21. 

sulphur, series system of S TV, 289. 


S Vio 
S VI, 284. 


summation lines, 37, 49. 

terms, nomenclature of, 145, 147. 

titanium, triplet and quintet 
terms, 187, 

total quantum number, 85, 107. 

vanadium, quartet and sextet 
terms of, 187. 


Spectroscopic displacement, law of, 59, 
80, 85, 140, 154. 
Spectrum lines, resolution of, in an elec- 


tric field, see Stark effect. 


7. ee Ua Soma cnetion ticldammcce 


Zeeman effect. 


Stark effect and Zeeman effect, difference 


between, 419, 423. 
comparison with pole effect, 456. 
Gao Dressuireseitectsy 7. 
discovery of, 417. 
first order formula, 460. 
application to Stark’s 
measurements, 462. 
Lo Surdo’s method of observation, 
432, 444, 446, 448. 
second order differences, 467. 
selection principle and rule of 
polarisation, 461. 
theory of, 457. 
with chromium, 448. 
copper, 454. 
gold, 454. 
helium, 434. 
— displacement without reso- 
lution of lines of principal 
and sharp series, 434. 
— invalidation of selection 
principle, 453. 
— resolution of lines of diffuse 
series, 436. 
hydrogen, apparatus for, 419, 
425, 
—— — direct and opposed fields, 
425. 
— — fundamental unit of separa- 
tion of components, A421, 
429, 401, 466. 


SUBFECT INDEX 


Stark effect, with hydrogen, number of 
components, 421, 427, 
431. 


— polarisation of components, 
418, 422, 461. 

proportionality with 
strength of field, 423, 
431, 461. 

ratio of intensities of com- 
ponents, 424, 426, 431. 

symmetry of resolution, 
424, 429, 461. 

ionised helium, 440. 

iron, 456. 

lithium, 440. 

magnesium, 454. 

metals, apparatus for, 442, 446. 

molybdenum, 455. 

silver, 45 3. 

Sulphur, £f* multiplets of STV and $ V, 


292, 293. 
— regular and irregular doublets of 
S-IV, 288. 
S255. 


S Vi) 274, 2755 252. 
— series lines of S IY, 289. 

——— — 8 V, 287. 

— — — — SVI, 284. 

Summation lines, 37, 49. 


rT 


Tin, constant frequency differences in 
spectrum, 298. 

Titanium, triplet and quintet terms of, 
187. 


V 


Vacuum arc for Zeeman effect, 404. 
Vanadium, quartet and sextet terms of, 
187. 


Ww 


Water, band spectrum of, 503. 


xX 


X-rays, 253. ; 
- application of laws to optical region, 
262,277, 
— doublets, irregular, 261, 273. 
— — relativity or regular, 260, 264. 
— hardness, 254. 


— Hertz’ law, 261. 
— K, L, M, N rays, 254. 
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X-rays, Kossel’s wave-length relation, 
2577. 

— Moseley’s law, 255. 

— nomenclature of levels, 258. 

— relativity formula, 259. 

— screening constant, 256, 259. 


Z 


Zeeman effect, anomalous patterns, 310. 

apparatus and experimental 
methods, 401. 

asymmetry of patterns, 314. 

- Bohr magneton, 333. 

constant average values of 2, 337. 

determination of g, 344. 

discovery, 308. 

distortion and its correction, 343, 
366, 411. 

electromagnet for, 402. 

equatorial quantum number, 316. 

— maximum value, 323, 


328. 

— — — — — permitted transitions, 
325, 329. 

— — — resolution into two 
quantum numbers, 
383 


fundamental types, 338, 368. 
g-formula, 328, 332, 333, 335. 
- identification of spectral terms, 
344. 
intensity of components, 326, 338. 
interval factor y, 382. 
— permanence of sums of, 
389. 
~ inverted types, 343. 
- law of magneto-optic resolution, 
S21" 
- light sources for, 403. 
longitudinal, 308. 
magnetic levels, 323, 
— combination of, 325. 
measurement of magnetic field, 
410. 
- normal triplet, 311. 
Paschen- Back effect, 
incipient, 389. 
— — partial, 390. 
— — theory of, 376. 
- — — total, 391. 
— — with ##* group of beryl- 
lium, 410. 
permanence of g sums, 352. 
-—- — y sums, 389. 
— —- polarisation of components, 308. 
Preston’s law, 310, 334. 
— — failure of, in complex sys- 
tems, 392. 
- pseudo-types, 342, 370. 


330. 


apis 


J/ 


34 * 
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Zeeman effect, resolution factor g, 329, 
331. 

— — — — — ideal values for weak 
fields, 395. 

oo permanence of sums, 
382. 

== == — — walues foricomplexesys- 

tems, 396. 

neon, 398, 399. 

— — Runge’s denominator, 321. 

= = Tee ails Seyi 

Sa ce of allurelotinucomplexy sys. 

tems, 392. 
— — selection principle, 319. 


Zeeman effect, spatial quantisation of 


Kepler orbits, 316. 

— spectroscope for, 408. 

— strong and weak fields defined, 
370. 

— theory of anomalous patterns, 323. 

— —— = Hommaliripler ams, 

— transverse, 309, 325. 

— vacuum arc for, 404. 

— with chromium, 362. 

— — manganese, 344. 

— — multiplets of higher order of 

complexity, 392. 
— = Neon sos. 
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